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THE DISCOVERY AND NATURE OF BACTERIOPHAGES 
There is little doubt that many of the early bacterio-
logists encountered phage infection at some time or other, 
but the first published account did not appear until 1915 
(Twort 1915). He described an infection of staphylococci 
which produced changes In the morphology of the bacterial 
colonies. The infective agent was filterable. Twort 
advanced a number or hypotheses concerning the nature of 
the Infection, and amongst them was the theory that It was 
a virus basically sluilar to animal and plant viruses. 
Twort did not carry out any further experiments, and 
his paper attracted little attention. Two years later 
d 'Herelle (1917) published a completely independent 
discovery of bacteriophages. During the course of a study 
of dysentry in man he prepared filtrates from the faeces of 
patients suffering.from the disease. He supposed that 
dysentry was a mixed Infection of bacteria and virus, and 
the filtrate was supposed to contain the virus. He mixed 
this with cultures of Shiga's bacillus, Intending to inject 
experimental animals with the supposed mixed infection the 
next day. After incubation, however, he round that the 
1 . 
cultures were no longer turbid with bacteria, but completely 
clear. He had stumbled on an infective agent which attacked 
bacteria and caused complete lysis. The filtered lysate 
still remained infective, and this suggested to d'Herelle 
the presence of a virus which destroyed the bacterial cell 
as It multiplied. The idea of a virus gradually gained 
ground over other theories until today modern techniques 
have shown it to be correct. 
The possibility that bacteriophages could play a part 
In immunity towards bacterial diseases occurred to d 'Herelle 
and this was the main emphasis of phage research between 
1920 and 19$0. Largely unsuccessful attempts were made to 
use phages In the control of disease, but In a very few cases, 
such as cholera, favourable results were obtained. 
During the last fifteen years the electron microscope, 
radioactive tracer techniques, and a variety of other physical 
and chemical methods, have provided a great deal of information. 
Most of this has been about one or two specific phages and 
clearly does not apply generally. A new emphasis must 
therefore be placed on phage research, namely the study of 
a number of different types representing a cross-section of 
the many forms which have been isolated In recent years. 
This is the main theme of the present thesis. 
2 . 
THE STRUCTURE OF BAC'rtIOPHAOE3 
Bacteriophages are basically similar to other forms of 
virus which consist of nucleic acid surrounded by protein. 
The nucleic acid, which can be either ribonucleic acid (RNA) 
or deoxyribonucleic acid (DNA), is the genetic material of the 
particle, and the exterior protein layer acts as a container 
for it, in addition to having a functional role in the infective 
process. 
Whereas the majority of plant and animal viruses consist 
of simple structures in the form of rods, or perhaps polyhedra, 
the bacteriophage is more sophisticated. The polyhedral protein 
container possesses a tube, referred to as the phage tail, which 
plays an essential part in infection. The overall picture is a 
sperm-like structure, but it varies greatly in appearance from 
one phage type to another, providing a spectrum of morphological 
forms about which relatively little is known. 
PHAQE CLASSIFICATION 
There is at present no scheme for the classification of 
phages. This is because there is insufficient information 
available about the various characters which would have to be 
used in any taxonomic system. Basically these characters are 
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morphological, serological and physiological • Some authors 
believe the first to be the most important, and, since the 
electron microscopy of phages is primarily concerned with 
morphology, this aspect can be considered in some detail in 
the present work. A number of new phagea have been isolated 
and are described here, and in the absence of information 
concerning their serological and physiological relationships, 
they will be related to known phagea on the basis of morphology. 
Since propel' phage nomenclature does not exist, it has been 
general practice in the past for new isolates to be given 
purely arbitrary names in the form of either numbers or letters. 
Pending an alternative this practice is continued here. 
One of the most important physiological characteristics 
of a phage is host specificity; the particle can only infect 
certain specific types of bacteria or strains of bacteria. 
This provides an extremely useful criterion for the basic 
separation of phage types. However, since the majority of 
types studied here are specific to the coil-typhoid group of 
bacteria, host specificity cannot be considered in detail. 
Some distinctions can be made within this group and are con-
sidered together with morphological taxonomic data. 
The co-typhoid phagee have been studied in much greater 
detail than any others, in particular the "T" group. It is 
therefore logical to examine other existing and newly isolated 
4 . 
coil-typhoid phagea in relation to the T phagee and to obtain 
a more complete picture. This can then be compared to other 
groups of phagea specific, for example to bacteria of the 
Pseudomonas group. 
PHAG INFECTION 
D'Herelie deduced the process of phage infection and 
divided it into tour convenient stages: 
adsorption, 
penetration and the passage of phage into the cell, 
intracellular multiplication, and 
k) lysia and the release of phage progeny. 
Adsorption is the most accessible stage of the cycle 
from the point of view of laboratory examination. It can be 
studied from an environmental point of view, since it is a 
very specific process and is affected by the ionic 
environment provided by the growth medium. It can be 
studied both directly and indirectly in the electron 
microscope. In the latter case deductions concerning the 
process can be made from electron micrographs showing the 
detailed morphology of phage particles. 
In a study of adsorption Anderson (1951) showed that 
T phages adsorbed by their tails only, and this Is now generally 
r. 
rA 
considered to be the case with all phages. 
D'Herelle thought that the whole phage particle penetrated 
into the cell, so that his second stage in the cycle of infection 
Its not strictly correct. In tact, the tail only penetrates the 
cell wall, and it is the phage genetic material which actually 
passes into the cytoplasm. Little is known about this stage; 
the actual perforation of the cell wall appears to be accom-
plished by either enzyme action, or mechanical action, or both, 
depending on the phage. The actual penetration is thus a 
relatively simple procedure. The manner in whizh the phage 
DNA passes down the tail and into the bacterial cytoplasm 
is, however, unknown • This is clearly the crux of the whole 
infective process, but at present it is difficult to visualise 
how the electron microscope can help in discovering how it 
comes about. 
The remaining two stages have been studied by both tracer 
techniques and electron microscopy (Kellenberger, Ryter and 
Sechaud 1958; Kercik 1954) on "T even" phagea. To extend 
such studies to other phagea requires a knowledge of the 
structure of the virus in its free or vagetativa stave. 
) 	1 
The cycle of infection described above applies only to 
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virulent phages, those which destroy the bacterial cell. 
A number of types, known as temperate phages, do not always 
cause lysis, but exist in a form of symbiosis with the 
bacterial cell. The cycle of infection is as follows. 
A particle, apparently identical morphologically with 
its virulent counterpart, adsorbs and infects a cell in the 
same way as a virulent phage. Its genetic material then 
proceeds to combine with the bacterial chromosome at a 
specific locus. No phage progeny are formed, and no lysis 
occurs. The bacterial cell divides in the normal way, but 
the phage genetic factor Is passed on to all its descendents. 
At any time any one of those descendents may lyse spontaneously 
to produce new vegetative phages. Strains of bacteria infected 
in this way are known as lysogenic. No attempt has been made 
to study temperate phages here. 
LETRON MICROSCOPY OF BACTERIOPHAGES 
It is clear from the foregoing that there are a number 
of fields In phage research where the electron nroacope can 
be of great value, namely in taxonomy, molecular morphology, 
and in the study of dynamic processes, such as adsorption and 
intracellular multiplication, The examination of even one 
7. 
type of phago in all these fields would be long and involved, 
as has been the case with phage T2. 
There have been but few systematic studies of groups of 
phages. Thus our knowledge of phage structure as a whole is 
limited and the general picture is therefore Incomplete. 
A logical and useful step Is to carry out such a study. 
However, there are hundreds of different phage types on a 
large range of hosts, and anything approaching a complete 
survey would be beyond the scope of the present work, so 
that the main emphasis  has been placed on one group. The 
phages of colt-typhoid bacteria are the most suitable because 
there are a large number of different types amongst them, and 
the group also contains those which have been fully studied, 
namely the T phages. These provide a valuable basis for 
comparison. 
Such a study requires the use of suitable specimen 
preparation methods, the most valuable being the negative 
staining technique (Brenner and Home 1959a). In spite of 
Its wide use in virology, the method is still not completely 
understood, and a careful study of it is long overdue. 
The pattern of this thesis is thus that of a typical 
electron microscopic study. Firstly the assessment, 
investigation and, if necessary, the development of the 
techniques to be used, and secondly, the examination of 
the specimens. 
Chapter II 
THE ISOIATIjQRTH, AND PURIFICATION OF BAvmiiIOFHAGES 
ISOLATION FROM NATURAL SOURCES 
A normal procedure for isolating phages In to obtain 
pure cultures of the bacteria present In the source, and then 
to use these as propagating hosts for the phages. In the 
present case the main emphasis is on coil-typhoid phagea, and 
it was considered more satisfactory to use as a host a strain 
of Escherlchia coil which is particularly sensitive to phages 
of this group (E. coil C2). In some cases E. coil B was used 
as an alternative. 
The process, which employs the double agar layer method 
of Adams (1950), is carried out as follows. An aliquot of 
the source material (water samples from rivers or lakes, or 
samples from sewage works) is mixed with 1 ml of a suspension 
of E, coil C2 leached with sterile distilled water from an 
overnight elope. I ml of the mixture Is mixed with 2 ml of 
0.6% agar + 1% peptone at 450C and poured over a nutrient 
agar plate. After incubation (37°C) overnight, any phages 
In the water sample form plaques of varying morphology. 
Phages are removed from these by picking with the tip of a 
platinum wire which is subsequently dipped in 2 - 5 ml of 
neutral 0.1 N ammonium acetate or broth in a sterile bottle. 
9 . 
Plaques are selected on the basis of morphology. 
A phage suspension obtained in this way may well be 
contaminated with particles from nearby plaques and further 
purification is required. As before, phagea and hosts are 
plated out using the double agar layer method, then well-
isolated plaques are picked. This procedure is repeated several 
times until uniform plaque morphology indicates a pure phage 
suspension. 
The :bcvc r.ethc'c 1s 	rticular!y uitb1e for ':atr 
samples from rivers, etc., where the phage count on the host 
used was about 50 particles/mi. With samples such as sewage 
from sedimentation beds, where there Is much solid material, 
initial cleaning by centrifugation at 2,000 g is required, 
and also some dilution is needed for material with high phage 
counts (sewage samples may have several thousand particles/mi). 
Ideally there should be some 20 plaques per plate. 
STORAGE OF PRAGE SUSPENSIONS 
Once isolated a phage can be kept in suspension in 
broth or 0.1 Pt aimnonium acetate indefinitely, prior to the 
preparation of high titre suspensions for electron microscopy. 
To prevent bacterial contamination a crystal of thymol is 
Introduced, and the sample is stored in a bijou bottle or 
10. 
sealed tube at 110C. It Is advisable to add calcium chloride 
to a concentration of 0.00025 M If the phage is calcium 
dependent (e.g. coliphage T5). 
PREPARATION OF SMALL AMOUNTS OP HIGH TME PHAGE SUSPENSIONS 
The negative staining technique (Brenner and Home 1959a) 
requires a very small amount of phago suspension, so that only 
1 ml is necessary for preliminary electron microscopy. This Is 
prepared as follows. 
Sufficient phage suspension is plated out with host 
bacterium by the double agar layer method to cause lysia of 
all the cells. After incubation the resulting clear plate is 
covered with 2 5 ml of 0.1 M ammonium acetate and allowed to 
stand for a few hours so that most of the phagea are eluted 
from the 0.6% agar layer. In general 10 11  or more particles 
can be obtained from one plate by this method; the number 
varies according to the size of the phage, there being larger 
numbers of the smaller types, 
This suspension will contain dissolved nutrients and 
bacterial debris and must be purified by centrifugation cycles 
at 2,000 g, followed by 15,000 g or more, according to the 
phage type and size. The amount of suspension is concentrated 
11. 
during the cleaning process to about 1 ml. It is then ready 
for the electron microscope. 
PREPARATION OF LARGE AMOWS OP HIGH TIM PEA.GE SUSPENSIONS 
In certain cases larger amounts of high titre phage 
suspensions may be required. Por example, certain phagea 
(e.g. 1R),wh1oh require very high centrifugation speeds to 
sediment them, can only be obtained sufficiently pure for 
electron microscopy by the use of special procedures such -so 
column chromatography. uch methods require larger amounts 
of phage than can be prepared by the double agar layer method 
described above. It is then necessary to resort to relatively 
large volumes of broth cultures • The general procedure is as 
follows. 
An appropriate liquid medium (see Appendix II) is made 
up and 100 ml placed In a 250 ml measuring cylinder. For a 
larger volume 250 ml is placed in a 500 ml cylinder. Provision 
for aeration is made. A suspension of host bacterium Is prepared 
by leaching the cells from an overnight slope on nutrient agar. 
This is introduced and the culture incubated at 370C In a water 
bath. After 5 6 hours, or when the cell concentration is 
about 1 x 10 cells/mi (for method of measuring see Appendix v), 
12. 
a suitable concentration of phage (approximately one per 
bacterium) is introduced. Aeration is continued until lysia 
has occurred. 
The crude lysato is purified by several cycles of 
centrifugation at suitable pseeds. 
A total yield of 10 12  or more phage particles can be 
obtained In this way, depending on choice of liquid medium 
and the rIage in question. Larger amounts are not required 
for electron microscopy. 
PURIFICATION OF PHAGE S'JSPS IONS 
As has been stated, the normal procedure for purifying 
and cleaning phage suspensions Is to wash them by centrifugation. 
The crude lysate or eluate from a plate is centrifuged at 2 g,000 .g 
for about 30 minutes to remove bacterial debris; it is then 
centrifuged again at a sufficiently high speed to sediment the 
phago In question. The pellet Is resuspended in 0.1 N ammonium 
acetate and again centrifuged at low speed followed by high 
speed; the cycle is repeated until the preparation Is found 
to be clean on examination in the electron microscope. 
In the canes of phages requiring a high centrifugation 
speed (100,000 g) the method Is not satisfactory, because both 
13. 
fine debris and agar are precipitated with the phage particles. 
In this case column chromatography with diethylaminoethyl 
cellulose (IM-AE) is used as described below. 
T1I1 PURIFICATION OF WAGE R 
The phage is grown on 	coi. C2 in NO medium (see 
Appendix II). The crude lysate is first centrifuged at 
2,000 g for 1 hour to remove gross debris • The supernatant 
containing the phage is made up to 1100 	with ammonium 
sulphate and allowed to stand at 110C for 211 hours. This has 
the effect of aggregating the phage particles which are 
sedirnented at 35,000 g for 1 hour. The pellet is then 
resuspended In neutral 0.1 14 ammonium acetate and the 
suspension centrifuged again at 2 0000 g for 1 hour. The 
supernatant is diluted to 0.01 14 ammonium acetate, and poured 
down a DEAE column (for preparation, etc., see Appendix III). 
The column Is washed with 50 ml of 0.01 14 ammonium acetate, 
followed by 20 ml of 0.1 14 ammonium acetate,to remove as much 
adsorbed soluble matter an possible 
The phage is eluted from the column with 20 ml of 0.2 M 
ammonium acetate, followed by 20 ml of 0.3 !4 ammonium acetate. 
This provides a large volume of suspension too dilute for 
1*. 
electron microscopy, and concentration is effected by 
sodimenting the phage at 100,000 g for 1 1/2 hours and 
resuspending It In 2 ml of 0.1 14 ammonium acetate. The above 
method gives phage suspensions containing some 10 particles 
per ml; there Is virtually no extraneous material. It can be 
used with R and also T39 
THE ASSAY OF PHAGE SUSPENSIONS 
The double agar layer method (Adams 1950) was used 
throughout. 
The phge suspension Is first diluted in broth. The 
dilution factor Is estimated so that there are 30 or more 
plaques on each plate. Where the phage concentration Is not 
known, a number of serial dilutions are prepared. 1 ml of 
diluted phage suspension Is then mixed with 1 ml of a 
suspension of host bacteria leached from an overnight slope 
with sterile distilled water. 3. ml of mixture Is mixed with 
2 ml of 0.6% agar containing 1% peptone at 45 0C and poured 
onto a nutrient agar plate. After Incubation (overnight for 
1--ih3 gee giving small plaques and 3 5 hours for those with 
jorf large plaques) the number of plaques can be counted and 
HOST SPECIFICITY TESTS 
These were carried out at a qualitative level. A double 
agar layer plate containing bacteria only is prepared. A 
platinum loop is than dipped into a suspension or phago and 
touched onto the surface of the agnr. 1'ter incubation a clear 
area appears where the loop has been applied if the host to 
susceptible to the phage. It not, a faint depression can be 
found where the platinum wire has touched the soft agar, but 
the nearby cells are not lysed. 
PRECAUTIONS AGAINST WAGE CO?1A14INATION OF BACTIRIA 
When working with a large number of phages and different 
hosts, the danger of phage contamination or the bacteria is 
always present, despite careful sterile procedures. The 
following precautions are therefore advisable. 
Whenever any host bacterium is being plated out, a control 
plate is prpared containing no phage, but made with the same 
solutions used for those containing the phage. After incubation 
the plate should be free of plaques • Any phages present down 
to a concentration of one or two particles/mi can be detected 
by the presence of a plaque. In this case the remainder of the 
plates in the batch should be rejected. 
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The presence of plaques indicates that i*iagee are in 
either the bacteria or the solutions employed. These can be 
tested separately in the same way. If it is found that 
slopes of host bacteria have become contaminated a phage-free 
culture must be prepared from the contaminated one as follows. 
A loopful of the soft agar Is removed from a contaminated 
plate in a position well away from any plaques, and streaked 
on a nutrient agar plate about 10 times, The last few steaks 
contain only a small number of cells, and after incubation, 
colonies arising from single bacteria can be removed and 
again streaked. Before use, the purified host must be tested 
as above for the presence of phage. 
In the same way, broth cultures can be monitored for the 
presence of phage. The presence of contaminants is much more 
serious crc, 1 flC: low concentrations ci' particularly virulent 
types, zuah •is T3, c.n cause complete 1yis. When the lysate 
is purified, examination in the electron microscope reveals 
that the wrong phage has been grown. Here, particular care 
should be taken to test a portion of the slope used for the 
Inoculation of the broth. In the went of phage being present 
the whole culture must be discarded. 
It has been found that by the routine use of these 
precautions, together with the daily sterilisation of all 
the inorganic solutions and water used, cross contamination 
17. 
has been virtually eliminated. The sterilisation of every 
item ôf glassware used in the laboratory is also necessary. 
SOURCES OF BACTERIOffiAOES 
The locations of natural sources are given for each new 
*iage in Appendix IV. Those obtained from other laboratories 
are also listed. 
18. 
Chapter III 
ELECTRON MICROSCOPE SPECIMEN TECHNIQUES 
INTRODUCTION 
There are numerous techniques available for preparing 
specimens for the electron microscope, but only a few are 
suitable for phage particles. The basic methods are direct 
examination, positive and negative staining, shadow casting, 
replication and sectioning. In general, any one type of 
specimen cannot be studied by all these techniques, but it 
Is desirable to use as many as possible, since they supply 
complementary information. In the present chapter each 
approach Is discussed for its value in phage research. 
IMAGE FORMATION 
In order to assess the results obtained from the various 
specimen techniques an understanding of the elementary principles 
of image formation is required. 
When an object, the specimen, is placed in the path of 
an electron beam the electrons are scattered in two ways, 
elastically and inelastically. Elastically scattered 
electrons are those which are deflected from their path 
without the loss of energy, that is without a change in 
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velocity. Those scattered *elastically are deflected with 
an accompanying loss of ener- • The presence of a large 
proportion of inelastically scattered electrons in a beam 
means that it is no longer monochromatic and that the 
aberrations of the electron microscope lenses are empllaai8ed, 
particularly chromatic aberration in the objective. This 
results in a loss of both contrast and resolution. A specimen 
must therefore be thin enough to permit the transit of electrons 
without their losing ener, but at tho came time it must be 
able to scatter electrons elastically in order to provide 
contrast. Consequently, the practical requirements of a 
specimen are that it should be mounted on a thin electron-
transparent support, but that the object Jkelf should contain 
sufficient electron-dense material to provide contrast. The 
aims of the various preparation techniques are to meet these 
requirements. 
It will be noted that the electron scattering power of a 
material depends largely upon its atomic number; substances 
with low atomic numbers are transparent to electrons. In 
consequence support films are made with low atomic number 
materials, and the contrast of the object is often enhanced, 
for example by shadowing or staining using high atomic number 
materials. 
DIRECT FXAMINATION 
The specimen is placed on a support film by any standard 
mounting procedure (see Bradley 1961b) and examined without 
further treatment in the electron microscope. Bearing in 
mind the above remarks on image formation It can be seen that 
one of three conditions will prevail. If the specimen is so 
thick that the electrons cannot even penetrate it, the 
resulting Image will merely be a silhouette. With a thinner 
specimen, where some internal detail is visible, a more or 
less ideal state of affairs exists and much information may 
be obtained. If the specimen Is very thin, however, it does 
not scatter electrons sufficiently to provide any contrast. 
Unfortunately phage particles fall Into the last of these 
three categories, and the image obtained by direct examination 
is little more than a shapeless blur (see Figure 11.25). 
Ei;''L.L 	iL] 
Since a r*lage particle mounted on a support film on Its 
own produces little contrast, the situation may be Improved 
by shadowing it. This consists of evaporating a layer of 
heavy metal onto the specimen at an angle. Irregularities 
cast shadows and both a three-dimensional effect and an 
improvement in contrast are obtained. 
Shadowing provides useful information concerning the 
structure of phage particles. It may reveal features such 
as the tail fibres of phage El (Figure 5.16), which are only 
just discernible using negative staining. Alternatively, the 
geometrical shape of the phage head may often be ascertained 
by the analysis of the shapes of the shadows cast by it. 
There are two possible approaches to shadow analysts; 
single and two-directional shadowing. The latter (Smith 
and Williams 1958) consists of shadowing the specimen from 
two directions, 600  apart for example. Smith and Williams 
(1958) illustrated this method using an icoaahedron as a 
model and the iridescent Virus of Tipulapa1udosa as the 
specimen. Their results are shown in Figures 3.1 - 3.3 and 
need little explanation, the characteristic shadows being 
cast by the model and the shadowed virus particle. Two-
directional shadowing is not strictly necessary, since it 
may readily be appreciated that particles in the correct 
orientation with respect to the shadowing direction will 
still cast the characteristic shadows. Figure 3.11 shows 
drawings of the shadows cast by an octahedron and an 
ioosahedron. The method has been used in the cases of T5 
(Chapter v) and Øi (Chapter VI). 
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Shadowing is a technique which is often neglected, despite 
the fact that it provides valuable Information In conjunction 
with other methods. Its main limitation Is that of resolution. 
Most shadowing materials, which are heavy metals, granulate 
under electron bombardment or in the evaporating unit and the 
fine detail which can be resolved Is limited by the size of 
the metal particles, usually between 30 R and 50 R. It is 
possible, by simultaneously evaporating platinum and carbon 
(Bradley 1959) to produce a non-granular shadowing layer, 
giving exceptionally tharp shadows. Unfortunately, the 
limitation here Is Imposed by the cleanliness of the specimen 
under examination. The presence of a monolayer of molecules 
of, for example protein, on the specimen surface will give 
rise to a background structure. There are also other factors 
involved, such as the statistical distribution of the atoms of 
shadowing material on the specimen surface (Bradley 1960). 
Because of these limitations, shadowing has been found to be 
most valuable for the two purposes mentioned above, namely 
shadow analysis and the study of coarser structural details. 
The methods used, which are standard, are given In Appendix VI. 
REPLICATION 
The preparation of replicas consists of coating the 
specimen with plastic or evaporated carbon (Bradley 1954), an 
removing the specimen tself either chemically or mechanically. 
The object viewed in the electron microscope is thus a shell 
of replicating material conforming to the original topography 
of the specimen. Replicas are usually used for objects which 
cannot be penetrated by the electron bean, and hence are of 
little use for phaga particles which are transparent to 
electrons. Furthermore, replicas invariably require shadowing, 
so that with a phage particle, the end product is virtually 
identical with a straightforward shadowoast preparation. 
SECTIONING 
Though this is one of the most important techniques in 
electron microscopy in general, it has been found of relatively 
little value in phage  research in particular. 
The method consists of three basic atepa. Firstly, the 
specimen under examination, which may be anything from zi lump 
of tissue to a suspension of bacteria, is fixed and stained. 
This is carried out by treatment with a solution of an electron 
dense material, usually osmium tetroxl.de or a uranyl salt. 
It is then dehydrated through an alcohol or acetone series 
and mixed with one of a variety of resins. Those commonly 
used are snethacrylates or epoxy resins. When the resin has 
set it forms a block, which can be cut into thin sections with 
an ultramicrotome. 
2* 
The biggest disadvantage is the effect of the various 
chemical treatments on the specimen. Phages are very delicate, 
and sections of pure Tk particles indicate that their fine 
structure is destroyed during the preparative treatment. 
There is, however, one aspect of phage research where thin 
sections are of particular value, namely in the study of the 
Intracellular multiplication of phage particles. The phage 
heads can be stained differentially and seen in sections of 
the host bacteria (Kllenberger, Ryter and Sechaud 1958), but 
this is not being studied here. 
NEGATIVE STAINING 
This technique (Hall 1955; Huxley 1957; Brenner and 
Home 1959s) has proved to be the most valuable for the electron 
microscopy of plwge particles. Basically it consists or 
embedding an e1rtron-transparent object in a structureless 
electron-dense matrix. This produces a reversal of the 
contrast obtained by positive staining methods. 
The classical work of Brenner et al. (1959) on phage T2 
indicated its potentialities, and though used extensively the 
method has not been thoroughly investigated; there are a 
number of features which are not properly understood and, 
because of its importance in the present work, a full study 
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of its various aspects has been carried out (Chapter IV). 
It is evident from the foregoing that there are only 
two really useful methods available for the study of vegetative 
phage particles, shadowing and negative staining. 
117.1 
Figure 3.18 	Model of an icosahedroxi illuminated 
from two directions (after Smith and Williirns 
l93). 
Figures 3,2 and 3,31 	Iixla RalWgsa , iridescent 
Virus shadovad from two directions (after 





Figurc 3.+$ 	iiararL1 	tc rcprecc:tat10 o the 
characteristic shadows cast by an iaoeabedron 
(20 faces) and an octahedron (8 faces). 
3.4 
Chapter IV 
A STUD'! OF THE NT!GATIVE STAIND} PROCESS 
INTRODUCTION 
Negative staining IS used in light microscopy for the 
visualisation of objects which will not tair up conventional 
stains. The specimen is placed in a solution containing black 
pigment (nlgrosin or aqueous Indian Ink) and appears transparent 
against the dark background. In effect, the same principle is 
used for the electron microscope (Hall 1955; Huxley 1956; 
Brenner and Horne 1959a), but the preparation is in a solid, 
not a liquid, state. 
The method consists of embedding an electron-transparent 
object in a structureless electron-dense matrix. The most 
widely used matrix is potassium phosphotungatate; the normal 
procedure is to nix a suspension of the specimen in water or 
ammonium acetate with a solution of the phosphotungatate, and 
apply this to carbon-coated grids in one of two ways • The 
mixture can be sprayed according to Brenner and Home (1959a), 
or spread by allowing a thin film of liquid to dry down on the 
- r (Bradley and Kay 1960; Huxley and Zubay 1960). 
:40 results obtained using this process have been 
. Ingly valuable and contributed a great deal to our 
especially viruses. However, relatively little work has been 
carried out on the technique as such, and a number of points 
require elucidation. Firstly, the physical features are not 
fully understood. These concern the thickness of the matrix, 
the degree of three-dimensional preservation it provides, and 
the conditions under which the matrix spreas. Furthermore, 
little attempt has been made to use other chemicals, it being 
as3umed, correctly or otherwise, that phosphotungatate is the 
most satisfactory. Great emphasis is placed on using the 
correct ru at the outset of the process, but the fact that 
this may not remain constant has been overlooked. It has been 
shown (Bradley 1961a) that negative staining mixtures change 
their pH as they dry down. This will probably affect the 
specimen to some degree. It is considered important to 
understand the effects of the chemicals used on the specimen; 
some viruses survive in phosphotungatate, and some do not. 
Clearly, the loss of viability may affect the visible structure 
of the virus when seen in the electron microscope. This chapter 
attempts to answer these questions and promote a fuller under-
standing or this exceedingly valuable technique. 
-. 	 -- 
for preparing negative stained electron microscope specimens, 
that of spraying and that of spreading. Both methods have 
their advantages and disadvantages, for example quantitative 
virus counts (Watson, in press) can only be carried out using 
a spray, on the other hand the virus concentration is much 
more critical than otherwise. It is considered that, dn the 
whole, the spreading method is easier, quicker, and uses Less 
virus suspension. This technique was therefore used to obtain 
the results described here. 
Thepreparat1on of support films 
The physical state of the surface of a support film will 
affect the spreading of the negative staining material into 
areas of suitable thickness. This fact was noted by Brenner 
and Home (1959a) who found that phosphotungatate did not 
spread properly on carbon films prepared in a vacuum unit 
containing an oil diffusion pump. It is thus evident that, 
particularly when materials are being tested for suitability 
as negative staining agents, the support films used should be 
free from contaminating 01]. molecules. This point is strongly 
emphasised, and if consistent results are to be obtained coated 
grids should be carefully degreased in a solvent such as 
re-distilled chloroform Immediately before use. 
The following types of support film have been found 
generally suitable: 
Plain evaporated carbon films, either wet-stripped from 
mica or prepared using a plastic substrate (Bradley 196)c). 
Thin collodion films stabilised by a layer of evaporated 
carbon. 
Perforated carbon films. These can be made by a variety 
of methods, some of which are described elsewhere 
(Bradley 19610). 
These films can be prepared using an evaporating unit 
with an oil diffusion pump if they are washed with chloroform. 
All that is necessary is to dip the coated grid into redistilled 
chloroform, withdraw if after a few moments, and as soon as 
it is dry, apply the negative staining mixture. 
It is considered that perforated carbon films are most 
suitable. Many holes are covered with the embedding chemical 
(Huxley and Zubay 1960) and specimen particles are included 
in them. The contrast obtained under such conditions proves 
to be better and the background structure is reduced significantly.  
The reason for this is that the presence of a support film not 
only reduces contrast, but produces a variable background 
structure which may be as coarse as 20 R. depending upon 
the nature and condition of the substrate. 
It has been found that with the spreading method of 
pp1ytng the phoplotungstate, some holes are filled and 
some are not • The thickness or embedding material varies 
widely over the grid and depends upon hole size to some 
extent. This state of affairs is an advantage because 
specimen particles embedded under optimum conditions can 
be readily found, and the method used at maximum efficiency. 
On the whole, there seems no reason why any type of 
carbon or carbon-stabilised support film.should not be used 
satisfactorily. 
The pepration and use of negative staining solutions 
The chemicals shown in Table IL1 have been tested as 
embedding media for negative staining. 
The list Includes some which were unsatisfactory and 
they are discussed below. Many other unsatisfactory chemicals 
were also found. 
Solutions were prepared in a similar manner for all 
save the versene complexes • The pure chemicals were used 
as 1% - 2% aqueous solutions, their pH being adjusted with 
the chemicals noted in Table 4.1. 
Versene complex solutions were prepared as follows. 
A 1% suspension of versene (ethylene diamine tetra-acetic 
acid) in water was made up. This was mixed with an equal 
31. 
TABLE 4.1 
Embedding Chemical 	 Neutralising 	Chemical 
Potassium j*oat*otungatate 	 KOH 
Sodium tungatate 	 NaOH 
Sodium phosphomolybdate 	 NaOH 
Sodium nxlybdate 	 NaOH 
Uranyl acetate NHOH 
Uranyl. acetate + versene M4 OH 
Uranyl nitrate NH4 OH 
Uranyl nitrate + versene NN OH 
Lanthanum acetate NH4OH 
Thorium nitrate 
Thorium chloride NHkOH 
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volume of 1% uranyl acetate or nitrate. Ammonia was then 
added until the suspended versene disappeared, the FM being 
finally corrected to the desired level using amnia, or 
acetic acid. 2 solutions can be used if desired. 
There are two reasons for using solutions containing 
versene. Firstly, to enable uranyl acetate or nitrate 
solutions to be raised to alkaline Iff values without tormirg 
a precipitate, and secondly, to investigate the spreading 
characteristics of the compound. 
Teat specimens consisted of various types of bacterio-  
i:tage suspended in one of the following solutions (strength 
0.1 !4, yK about 7,2): ammonium acetate, ammonium carbonate, 
ammonium benzoate. 
The preparation of negative staining mounts was carried 
out as follows. 'qual volumes (unless otherwise stated) of 
virus suspension and negative staining solution, totalling 
about 0.02 in,, were mixed on a watch glass or slide using a 
micro-pipette. A freshly degreased support film was then 
touched onto the surface of the mixture. Excess liquid was 
removed from the grid using a filter paper until only a thin 
film covered the grid. After drying the specimen was ready 
for examination. 
Two general practical features are worth mentiprin6 at 
this point. Firstly, on the question of spreaders (namely, 
chemicals which assist the embedding matrix to spread evenly 
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over the support film) is is considered that on the whole they 
are unnecessary. However, the following materials have been 
used satisfactorily in conjunction with phosphotungstatet 
0.2 - o.k% sucrose + 'cryptone (trace) (Anderson 1960). 
Bovine serum albumin (trace) (Harrison and Nixon 1960). 
Versene (present communication) uranyl salts only. 
Secondly,, trouble may often be experienced with breaking 
of the support film. Generally this may be remedied by using 
the correct support grid. It Is recommended that for perforated 
films, either Smethurst Highlight type AE.I., or Veco kOO mesh/ 
Inch, or their equivalents are used. For continuous carbon, 
or plastic/carbon films, the standard 200 mesh/inch are 
generally suitable. 
CHABACERISTICS OF THE SPREADING METHOD 
When a thin film of negative staining mixture dries onto 
a support film, it generally proi*lea a wide variation in con-
centration of dried material, both over the grid as a whole 
and over individual grid squares. At first sight this may 
seem to be a disadvantage, but In fact the opposite is the 
case. A short search Invariably reveals areas where staining 
characteristics are satisfactory, and it is very rarely necessary 
to prepare a fresh grid. The concentration of dried material 
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Is usually greater on one side of the grid than on the other, 
especially it it has been held vertical during drying. Thus, 
it it is found that some grid squares are completely "blacked 
out" with embeuding matrix, it is only necessary to move to the 
other side. The distribution of material is usually symmetrical 
over a grid square, the concentration being highest around the 
outside and decreasing towards the centre, where the most 
satisfactory areas are usually to be found. As Brenner and 
Home (1959a) state, satisfactory results depend also on the 
ratio of specimen particle concentration to embedding material 
concentration. Where there are no particles, the matrix, 
depending upon its chemical composition, may aggregate into 
large dense spheres, and where there are too many, contrast 
may be low. Again, this ratio appears to vary both across 
grid and grid square, and suitable regions with varying 
particle/matrix ratios can easily be located. 
These factors are mainly encountered with the less 
successful preparations. In a large proportion ótcasos 
extensive areas of the grid are entirely satisfactory. Thus, 
though the method is not completely consistent in that the 
general quality of preparations varies, it is almost certain 
that good micrographs can be obtained from any one grid. It 
is considered that, compared with other electron microscope 
specimen techniques, this is one of the more reliable, and 
When the spreading method is used it will be found that, 
on examination in the electron microscope, three different 
embedding conditions are encountered, each of which depends 
upon local concentrations or specimen particles and embedding 
medium. Firstly, there is the case when the particle is 
completely embedded in matrix. Depending on the specimen, 
this may or may not give a good micrograph. Shadowing of 
negative stained preparations has revealed that the particles 
In such areas are often distorted, and not always covered 
completely, but the most usual state of affairs is considered 
to be that shown in the diagram in Figure 4.1. This condition 
is generally considered by most worker's to be the most desirable, 
and also applies when particles arc embedded In matrix covering 
holes. 
A second condition Is when an individual particle is 
embedded in a small area of matrix, as shown in Figure 4.2. 
The contrast-forming conditions differ little from the first 
case, but it is often found that results are superior with 
regard to resolution. 
A third condition occurs when particles are left "high 
and dry" due to surface tension effects. Here, they generally 
have a thin rum of the matrix adsorbed onto their surfacas 
shown in Figure 4.3. The result is a totally different set 
of contrast conditions which closely resemble positive staining. 
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Thus it is found that completely different aspects or a 
particle may be visualised on a single grid square and it is 
therefore reooumended that micrographs should be taken of 
specimens found under a variety of embedding conditions. 
An interesting feature of both spraying and spreading 
methods has been noted by Watson (1962). He found that 
polystyrene latex particles appeared black when left "high 
and dry", but white when embedded in matrix. The contrast 
difference was real, and could be measured with a densitometer. 
As yet no explanation has been found for this phenomenon, but 
Watson (1962) suggests that a possibility may be a I*zaae 
shift in the electron beam as it passes through the matrix 
(which may be 500 R or more thick) producing reversal of 
contrast. This Is a point which must be carefully considered 
when interpreting micrographs of embedded and non-embedded 
particles. 
When investigating a technique it is advisable to use 
teat objects which have been well studied. For this reason 
coliphages T2 and T4 were chosen. It was also considered 
desirable to use a particle similar to the small spherical 
plant and animal viruses which at the same time would provide 
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* severe test for the methods used. The only phage of this 
kind Is 0 x 174 (Sinaheim'er 1959;  Tromana and Home 1961), 
or phage 0R (Bradley 1961a; Kay 1962; Kay and Bradley 1962), 
the latter being used here. 
The structure of phage  T2 is familiar owing to the work 
of Brenner at al. (1959), and that of T* appeared, on the face 
of it, to be identical. More recently, however, a feature of 
both phagea has aroused Interest because of its possible 
connection with the injection mechanism. It has been studied 
on Tk and consists of a "thin collar or sheath" (Anderson 1960); 
it Is later elaborated by Daems, van do Pci and Cohen (1961), 
who call it "an outer jacket". Apparently this feature was 
absent in T2. It is studied In detail in Chapter V and found 
to consist on Tk, of an open mesh, Outer sheath made up of 
protein fibres (previously known as tail fibres) which are 
attached at the top to the collar. This structure Is shown 
In Figure 4.11 on the morphologically similar phage 066t. 
In T2 the state of affairs is identical, except that the 
collar is absent and the fibres are attached to the head 
Itself (Figure 1.9).  This fibrous structure, together with 
the familiar cross-striations as well as the relative instab-
ility of the extended sheath, provide e<ce11ent delicate 
features to test preservation. Plage 9'66t is also used. 
Bacteriophage Ø'R consists of an Icosahedron about 300 
in diameter. It consists of a core of single-stranded DNA 
surrounded by a protein coat. At the apices of the icosahedron 
there are small subunits, apparently in the torn of dimera. 
The presence or absence of these subunits is a valuable guide 
to the qualities of preservation provided by a negative stain, 
since they are small and easily lost. 
In addition to these, thage T5 and a staphylococcus Iiage 




Because this chemical has been the most widely used and 
is considered the most efficient, it has been studied under a 
variety of conditions. Phages T2, Tk, 66t and 9'R have been 
used as test objects. 
The combinations of the three buffer solutions already 
mentioned with phosphotungstate, were tested under neutral 
conditions. 
On the whole, a mixture of 0.1 M avoniu!n benzoate and 
2% phosphotungatate provided good spreading, contrast and 
preservation with Tk (Figures 4.6 and 4.7), but some sort 
of chemical reaction appears to have occurred with the T2 
hnath protr 4 , 	 It to contrict rnc1 disrupt (Figure 2L.fl 
The fibrous sheath is broken up to some extent in both cases. 
With 0.1 M ammonium carbonate, no such chemical action 
occurred with P2, and preservation seemed, if anything, slightly 
better. In Figure 4.9 the fibrous sheath appears to be intact, 
albeit lacking a little in contrast. In P4 the collar and 
slightly disrupted fibres are clear in Figure 4.10. 
With 0.1 M ammonium acetate, much the same state of 
preservation is obtained. Phage Ø66t in often found 
perfectly preserved (Figure 'Lii). 
When comparing micrographs in this way, it must be 
remembered that negative stained preparations can be variable 
In quality to some extent. Though the x*iocphotungstatc/ammonjum 
acetate mixture appears to be rather better in this series, it 
Is not considered to be significantly superior to either of the 
other two combinations. However, care must be taken In inter-
preting micrographs taken using atnTaonium benzoate because of 
the risk of chemical action. Purely from the specimen 
preparation aspect, therefore, there is little to choose 
between those thret mixtures, all of them producing excellent 
results, save for the preservation of the large heads, which 
In rather poor. 
An exceptionally good (Figure 4.12) and an average 
(Figure 4.1) micrograph or phage Ø'R using phosphotungstate/ 
animonjum acetate are shown. The best was taken of a preparation 
spread over a hole, and the advantages of this are immediately 
obvious • Those may be compared with other miorographa using 
different mixtures described below. 
When shadowed at tan 	a Ios*iotungetate preparation 
appears, as shown in Figure 21.14. The thickness of this layer 
is about 500 20 and the heads have completely collapsed. This 
appears to be the one undesirable feature of phoa*otungatata, 
though it does not always happen. It is recommended that 
care be taken in interpreting asymmetric structures seen in 
large bodies as real, because there is a very great Disk of 
artefact formation. 
Sodium Tunpta te  
Results obtained under neutral conditions using sodium 
tungstate and ammonium acetate seem comparable with phos*kotung-
state. With rtiage Øn as a test object, the apical subunits In 
Figure 1.15 do not show up quite so well as with the latter, 
and in other micrographs they show a tendency to fall off. 
It Is considered that sodium tungatate Is a reliable addition 
to potassium phosphotungstate. Sodium tungatate Is unsatisfactory 
using ammonium carbonate or benzoate as buffers for the specimen. 
With the first, definition is poor and there is chemical action 
on "T even" phage tails. With the second, crystals form on 
the support film. 
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Sodium Phosphomolybd ate 
This was tested under neutral conditions with all three 
buffers. Crystallisation occurred with ammonium benzoate. 
With am oniun carbonate the Tk tails showed considerable 
chemical disruption in the majority of cases (Figure 4.16), 
and the fibrous outer sheath was lost • Croaa-striations were 
visible on intact sheaths. The shape of the heeds was, however, 
well preserved. 
With ammonium acetate there was lees chemical action on 
the tail and the fibres were clear (Figure 11.17). The contrast 
is rather less than with potassium phosphotungstate and sodium 
tungstate and probably, as 'a result of this, the support film 
background structure is more noticeable. Unfortunately it is 
not easy to spread across holes. 
Results with phage ØPfl  were not good (Figure 11.18), the 
apical knobs being scarcely visible. 
Though, at first sight, this chemical does no' - appear to 
be particularly valuable, it has been found in the past that 
the definition can be very good. If a suitable spreading 
chemical could be added to the mixture, so that it would cover 
holes, excellent results should be obtained. This compound 
must not, therefore, be dismissed as useless. 
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Sodium Molybdate 
Again, crystals are formed with anonium benzoate, but 
reasonable results are obtained with ammonium acetate, though 
with chemical action on the T11 sheath (Figure 11.19). Results 
with Ø'R are relatively poor (Figure 420). It, however, 
ammonium carbonate is used, an almost spectacular improvement 
is tound • The preservation and contrast are improved greatly, 
and the matrix will spread across holes. This mixture has 
only been studied using Tk, but it is considered as good as 
any or the phosphotungatate mixtures (Figure 4.21). 
Uranyl Acetate 
This is one of the most important materials, though 
relatively little used. Unfortunately it is rather unreliable. 
It produces a preparation having high contrast, often very good 
definition, and occasionally evidence of positive staining. 
Because of the diversity of ways in which it can act upon a 
particle, it frequently produces a large amount of structural 
information. Its great disadvantage is that it can only be 
prepared in acid (pH 5.2) solution. 
Uranyl acetate using ammonium acetate as a buffer 
frequently spreads in the same way as phoep'otungstate 
(Figure 11.22) and shadowing reveals that enhanced contrast 
occur duc to th ncorip1et wetting of the T2 particles. 
This condition is not easy to achieve, and more often particles 
are found with a thin adsorbed layer of matrix. Being very 
dense to electrons this provides high local contrast in some 
cases but not in others, suggesting that real or positive 
staining can occur. Figure 11.23 shows T2 in uranyl acetate 
and the result is obviously much poorer than with phosphotungatate. 
In order to assess whether or not any positive staining had 
occurred, these particles were removed from uranyl acetate 
solution by centrifugation after a tow minutes treatment. 
A comparison between Figure 4.23, the negative stained 
particles, Figure 11.2*, particles treated with uranyl acetate, 
and Figure 1 .25, untreated particles dried down from ammonium 
acetate, indicates that there is no positive staining or the 
sheath, but that the head (presumably the phosphate groups of 
the DNA) has taken up uranyl ions to become much denser than 
untreated heads. It necessary, this simple procedure could be 
used to detect positive staining in other cases. Results on 
phage ØR are also somewhat disappointing (Figure 11.26), the 
apical subunits having been almost completely removed and the 
shape of the phage rather poorly preserved. Nevertheless, it 
has been possible to obtain Information concerning the structure 
of this phage using urany]. acetate (Kay and Bradley 1962; see 
also Chapter VI). 
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A comparative study of a staphylococcus phage using uranyl 
acetate and phosphotungatate Indicates the difference in 
appearance to be expected In preparations made using these 
materials. A phosphotungetate preparation is shown in 
Figure I.27. The head is oblong and rounded, the tail is 
practically structureless, but there is a knob or appendage 
at the tip. There Is a startling difference between this and 
the uranyl acetate preparation in Figure 4.28 which shows a 
slimmer and more sharply-angled head, and a striated tail which 
has no appendage at the tip. A "high and dry" head is shown in 
Figure 4.29. It is dense, and doubtless stained positively, but 
there is a thin electron-transparent line around the dense region, 
which probably represents the unstained protein of the head 
membrane. A halo of carbonaceous contamination Is also visible, 
Indicating that the particle Is standing proud of the support 
film, and hence that the three-dimensional preservation is 
probably good. 
On the basis or these observations, It Is considered that 
results obtained with uranyl acetate should always be compared 
with those obtained with phosphotungatate. It is also desirable 
to take micrographs of particles In as many different conditions 
of embedding as possible. Uranyl acetate is obviously very 
Uranyl acetate with versene 
This mixture was tested at neutral rfi values on T2 and 
Tk. The former, which was in ammonium acetate (Figure 4.30), 
may be compared with the pure uranyl acetate mixture. Some 
contrast reversal occurs in the heads, because there is a 
thicker embedding layer with the versene complex. The tail 
features are poorly reproduced in contrast with what appears 
to be comparatively good preservation of the head shape. 
Similar results were obtained with T4 using all three buffers, 
An ammonium carbonate mixture is shown in Figure 4.31. The 
tail structures are not as badly disrupted as before, the 
preservation being as good as with phosphotungstate, but the 
definition is very poor. 
This mixture would appear to be somewhat uncertain in its 
results. Those obtained here are scarcely usable, but other 
workers, e.g. van Bruggen (1960), have used it with success. 
It was found that no improvement could be obtained at either 
acid or alkaline ill values. It is possible that variation in 
the amount or versene in the mixture might improve matters; 
with the present mixture the jIi could be raised to 8.8 0 but 
less alkaline values would require less versene. The manner 
In which any given protein reacts to any negative stain is 
largely controlled by the iso-electric point or that protein. 
If this is known, as with the case of haemocyanin molecules 
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(van Bruggen et al. 1960), staining mixtures can be made up 
accordingly, otherwise it is a case of trial and error. 
Uj- y1 nitrate  
When T2 suspended in ammonium acetate was examined using 
uranyl nitrate at OR 52 little spreading occurred and the 
result resembled urany1 acetate, save that the tails had been 
largely destroyed (Figure 11.32). The heads are heavily stained 
with uranyl ions, but resuspending in ammonium acetate reduces 
the contrast considerably, showing that this is a reversible 
reaction. 
It seems that the three-dimensional preservation of the 
heads i.e good, and this is the only feature of interest shown 
by uranyl nitrate. 
tlranyl nitrate with versene 
With T2 in ammonium acetate, fully embedded particles 
show little detail (Figure 11.33). With "high and dry" particles, 
contrast reversal in the head occurs, but nothing can be seen of 
the tail structure (Figure 14.311). 
Lanthanum acetate 
This was tested using I*iage Ø'R in ammoniutn acetate mixed 
with 1% lanthanum acetate, the Ii of the mixture being 5.2. 
Here, true negative staining of very high contrast occurred 
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(Figure 14.35), but unfortunately the background structure is 
too coarse (even across holes) to allow visualisation or the 
apical subunits. It Is possible that a satisfactory lanthanum 
acetate mixture might be developed; this ought to be of value 
because of the exceptionally high contrast. 
Thorium nItrat 
When tested on *iage R In ammonium acetate this gave 
rather worse results than lanthanum acetate, with heavy 
granulation (Figure 14.36). It Is obviously totally unsatisfactory 
as it stands. 
Thorium chloride 
When tested on T2, in ammonium acetate, this chemical 
tailed also, not because of granularity or poor staining, but 
because of undesirable effects upon the specimen (Figure 14.37). 
FECT OF YK ON SOME NEGATIVE STAINS 
It is reasonable to suppose that the efficiency of a 
negative staining material will be changed according to the 
rI at which it is used. This fact has already been noted with 
respect to Jo8photungatate (Bradley 1961a); at the same time 
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It was found that the jIl of a mixture changed as it dried down 
on the grid. This point will be discussed below. Different 
staining characteristics have also been obtained on haemocyanin 
molecules (van Bruggen at al. 1960), using uranyl acetate/ 
versene at different I! values. This matter has not been 
exhaustively studied here, since the best Ti! value to choose 
will depend largely upon the chemical relations between specimen 
and embedding material. It has been found that, in general, 
best results are usually obtained at near neutral Ti! values, 
the background structure of most materials being least under 
these conditions. It Is not, of course, possible to use 
chemicals such as urany]. acetate In neutral solutions because 
of precipitation of the metal oxide or hydroxide. A if! of 
about 5.0 is satisfactory here. 
CHANGES IN i! DURING DRYING  
There is little doubt that the more delicate specimens 
examined In the electron microscope will be damaged to a greater 
or lesser extent by the changes In if! which occur in a negative 
staining mixture while It Is drying. These changes have been 
measured on the most satisfactory materials as follows. 
1 2 ml of negative staining mixture was placed on a 
watch glass and allowed to evaporate at about 50 0C. The 
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Percentage of water which had evaporated was measured at 
Intervals by weighing, and the cii determined (cold) at the 
same time, employing British Drug Houses Limited capillatore. 
These are used by mixing a dye and the solution to be measured 
In a capillary tube, and comparing the colour with standard 
tubes; the accuracy Is usually ± 0.1 of a VH point. In the 
present experiment 0.005 - 0.01 ml of liquid was removed from 
the watch glass, mixed with an equal volume of dye, and compared 
with the standard. The results were plotted against the per-
centage of solution which had evaporated (obtained by weighing). 
It Is considered that this procedure Is analagous to the drying 
stage of the negative staining process using spreading. However, 
In considering the results it must be remembered that the Ii 
determinations took 2 - 3 hours, the spreading process about 
1 minute, and the drying of sprayed droplets perhaps a few 
seconds. 
It was thought that the presence or otherwise of phage 
particles might have some effect on the rH curve, so that 
1 x 1012 - 1 x 1013  particles per ml of phage Tk were added 
in a few cases. It was found that they had little effect on 
the curve, and none on the I! reached by the mixture just 
before drying (see Table 4.2). 
The yK range through which a mixture passes will depend 
upon a number of factors. Salts of weak acids, which generally 
TABLE 4.2 
Negative Stain Amount Buffer Amount r&! Values V Evap'd) 
0% T55 100 
2% PTA if! 7.0 1 vol nil nil 7.0 7.0 7.2 7.8 
2% PTA if! 4.2 1 vol nil nil 14.2 14.0 3.8 3.14 
nil nil 0.1 14 Amrn. 1 vol 7.2 5.9 5.7 5.6 
benzoate 
nil nil ditto + 1 vol 6.7 6.0 5.8 5.6 
phage Tk 
2% PTA 1 vol 0.1 M Amm. 1 vol 6.8 6.7 6.5 5.5 
benzoate 
2% PTA 1 vol 0.1 14 Amm. 1 vol 7.0 7.2 6.9 6.0 
carb. 
2% Sod. 1 vol nil nil 7.3 7.9 8.2 8.8 
tungatat e 
1 1/2% Sod. 1 vol 0.1 14 Arm. 1 vol 7.2 6.6 6.6 6.14 
WA acetate 
2% Uranyl 1 vol nil nil 5.2 5.5 5.8 6.0 
acetate 
2% Uranyl 1 vol 0.1 14 ArnD. 2 vol 5.6 5.8 5.9 6.0 
acetate if! 5.2 acetate 
rfl6.8 
1% Uranyl 1 vol nil nil 14.0 4.3 14.14 5.0 
acetate if! 14.0 
15 Uranyl 1 vol 0.1 1.1 Amtn. 2 vol 4.4 14.6 14.6 5.2 
acetate if! 14.0 acetate 
ill_7.2  
15, Uranyl. 1 vol 0.1 14 Anvn. 1 vol 7.2 6.2 60 6.0 
acetate/vera. acetate 
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constitute the negative staining materials, tend to become 
alkaline as they dry; the butter solutions are, on the other 
hand, salts or stronger acids and ammonia, 80 that they tend 
to become acid. Results obtained with some of the unmixed 
solutions are shown in Table 4.2. When these solutions are 
mixed in varying proportions, curves of almost any shape can 
be produced. Figure Lk shows curves for various mixtures of 
phosphotungatate and ammonium acetate; the ru remains virtually 
unchanged only when it is mixed with an equal volume of 0.025 N 
ammonium acetate. This particular mixture was found by trial 
and error and it should be possible to adjust most negative 
staining mixtures in this way. Also included in Figure 4.4 
are curves for uranyl acetate and sodium molybdate mixtures 
which have been found to be good negative stains. Figure 46 
gives curves for sodium tungatate and mixtures with ammonium 
acetate, and again demonstrates how changes in pH can be 
controlled. It will also be noted on this graph that 
ammonium acetate and ammonium carbonate follow the same curve. 
While the pE changes noted here are relatively small 
(the largest is rU 1.6) they may affect delicate specimens, 
and perhaps staining efficiency, to a small extent. The 
changes will be more important when proteins with a known 
iso-electric point are being studied and the rui must be 
carefully controlled. 
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THE EFFMV OF NEGATIVE STAINING ON THE VIABILITY OF PRAGES 
The negative staining procedure involves chemical and 
physical treatments which are liable to damage or kill the 
specimen. The various treatments were similated on a large 
scale using a number of phagea of differing morphology. 
Treatment with negative staining mixtures 
The more chemical action or the negative stains may well 
kill many phagea. This will occur as soon as the suspension 
Is mixed with the negative staining material. Thus phage 
particles were mixed with stains and allowed to stand for 
at least 1 hour; they were then titrated • The viability is 
expressed as a percentage t the original titration. The 
results were often very variable, and to indicate this, rather 
than give an average figure for a number of determinations, 
the extreme values are given in appropriate cases in Table 4.3. 
It can be aeen that not all phagea are affected in the same way, 
and that complete loss in viability is relatively uncommon. 
The effect of time on the reaction was also studied 
using phage Tk suspended in phosphotungatate and ammonium 
acetate (II! 7.2) with the following result: 
After 1 minute standing viability - 22% 
After 10 minutes standing viability 10% 
After 100 minutes standing viability - 8% 
It is thus desirable to carry out the process in as 
short a time as possible. 
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TABLI 1l.3 
APPROXIMATE $ VIABILITY ArriR TBEATMES 
mixed Mixed 	Mixed 




with with Uanyl 
with 
Uranyl 	with 
Conditions Conditions PTA acetate acotate4 mo1yate versene 
R 0 0 0 60 1-10 10 .8050-100 
T3 0 0 0 60 0 10-2525-1O0 
0 0 0 1 0 0 0 
a6 0 0 0 50 0 0 10-100 
T4 
acetate O 0 
0 10 1 2O-10O25-100 
Tk 0 0 - 5 - - 	 100 carbonate I 
- o 	 0  1 	- - 	 - ben oat a I - 	 - 
Note: 0 is generally a1r.'iiar to vC 
a6 is a small phage with contractile sheath 
Simulation of negative stained and shadowed preparations 
The negative staining process was simulated by drying 
down 0.1 ml of phage suspended in negative staining mixture 
onto a glass slide, and deasicating in vacuo (c o" 	Hg). 
The shadowing process was simulated in the same way with the 
phage suspended in 0.1 M anmonium acetate. After dessication 
the slides were carefully washed in a known volume of 0.1 14 
ammonium acetate which was finally titrated. 
This is only a qualitative procedure, since many particles 
will remain attached to the slides. However, it can clearly 
indicate whether a significant proportion of the phagee remain 
alive after such treatment. 
The not unexpected results shown in Table 4.3 confirm that 
none of the r*iages used could survive this treatment • It must 
therefore be remembered that particles seen in the electron 
microseope#either as shadowed or negative stained preparations, 
have received fatal damage in one way or another, no matter how 
perfect their preservation appears to be. By comparing the 
viability after the appropriate chemical treatments with that 
after drying down, It is possible to say whether the damage 
done to particles in any given preparation is due, in the main, 
to chemical effects or dehydration. 
This unfortunate state of affairs occurs in the vast 
majority of electron microscope specimens, and Is treated in 
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detail hero to emphasise the care required in the interpretation 
of electron micrographs when attempting to reconstruct the 
appearance of a particle in vivo. 
SIZE !4EASUR1!4NTS 
It is desirable to be able to measure the size of specimen 
particles In negative stained preparations with some degree of 
accuracy and reliability, 30 that dimensions can be compared 
with those obtained by techniques other than electron microscopy. 
In the case of Ø'R (Kay and Bradley 1962) different sizes were 
obtained by different techniques, shadowing giving the highest 
and uranyl acetate the lowest figure. A comparison of the 
sizes obtained with staphylococcus phage 70 (Figures 4.27 
4.29) is summarised In Table 4.4. The discrepancies are 
considerable and, In the case of the head width, geometrically 
Impossible. On examining the micrographa to determine other 
differences, it can be seen that with phosphotungatate the 
head is rounded with no sharp angle. With uranyl acetate the 
angles are very sharp. It is known from the shadowed preparations 
(Figure 4.14) that heads in phosphotungatate tend to collapse, 
and hence have a greater apparent size. But the observed 
discrepancy can only be partly accounted for on this basis. 
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TABLE 4.4 
DIMENSIONS OF STAPHYLOCOCCUS PHAGE 70 







Phos*iotungstate 980 530 R 3000 R 95 
Uranyl acetate 750 R 300 2800 85 g 
Dimensions quoted are averages of 10 measurements 
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One is therefore forced to assume that the only alternative, 
namely contraction, has occurred with the urany3. acetate. 
The following interesting observation indicated that this 
was, in fact, the case. When particles of page T2 embedded in 
uranyl nitrate/versene mixture were being examined (Figures 11 , 33 
and 11,311) a difference of about 15% in head width was noted 
(taking into account the carbonaceous contamination on the 
non-embedded heads). The important tact was that this con-
traction was seen to occur in the microscope an the non-embedded 
particles were moved into the electron beam; it took place over 
a period of 1/2 - 1 second. 
There is no doubt that the question of size measurement 
requires some further investigation. At present the most 
reliable estimate must be an average of results obtained with 
various preparation methods. 
In some cases, however, the three-dimensional preservation 
may be obviously good, for example in Figure 11.38. This shows 
the head of the octahedral phago Cl where the facets are clearly 
visible without any distortion. Any measurement from such a 
head would undoubtedly be accurate. 
These observations pre-suppose an accurate calibration of 
the instrumental magnification. Care must be used with polystyrene 
latex suspensions since the spheres are liable to appreciable 
shrinkage under electron bombardment. 
RESOLUTION 
The efficiency of a technique is often judged by the 
resolution obtainable with it, and it is usually difficult to 
quote an exact figure. Brenner and Home (1959a) give 15 R, 
but show no actual pictures • In the experience of the present 
author, it has been found that the average micrograph resolves 
only about 30 R. though, on occasions when conditions are 
exactly right, less than 15 g can be attained. It is fortunate 
that, by accident, the apical subunits of phage Ø'R (Figure 4.12) 
provide a conclusive test object; in the micrograph shown 
they can be seen to consist of two portions, about 15 R in 
size and separated by a gap or 10 - 15 R. Thus, on the basis 
of the particle separation definition of resolution, better 
than 15 2 was obtained hare, but it is emphasised that this 
micrograph is the exception rather than the rule. 
CONCLUSION 
Though it is basically an exceedingly simple technique, 
the negative staining method obviously has many variations. 
As with replica processes, each individual appears to have his 
own special handling procedure, but as always the ultimate 
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result is the same. Many of the real variations have been 
described here and they involve different combinations of 
materials. These often appear to give complementary information, 
for example, while phosphotungstate preserves tine detail better 
than most other reagents, the three-dimensional shapes of larger 
structures usually becomes badly distorted. These are, on the 
other hand, well preserved by uranyl acetate, though they may 
have shrunk slightly. It is abundantly clear that it is 
dangerous to rely on only one staining material, and the 
information given here should provide a basis for the selection 
or reagents for most typos of specimen, whether they are 
delicate, or whether they are stable. 
In the present work the most useful materials indicated 
by the above results have been used. Potassium phoaphotungatate 
has been found the most valuable for routine work where con-
sistent results are required. 
Figure i.ls 	Diagram of particles deeply embedded 
in a large area of negative staining matrix. 
Figure i.2z 	Diagram of particles embedded in a 
small area of negative staining matrix. 
Figure 4.3s 	)iagraa of a single "high and dry" 
particle with an adsorbed layer of 
negative staining iatrix. 
4-. 1 
4.2 
Figure 1 • 42 	Urapl,. shovi ohages in p11 values of 
neitivo staining mixtures as they evaporate. 
2 vola 2,. PTA 4at pH 8.6 
1 vol. 0.1)4 axnmonium acetate at pH 7.2 
	
0 2vols. 	PTA atpH 1i.2 
1 vol. u 114 ammonium acetate at PH  7.2 
1 vol. 2, PTA at pH 7.0 
1 vo], 0.114 ammonium acetate at pH 7.2 
1 vol. 2, PTA at pH 7.2 
1 vol. 0.0214 ammonium acette at pH 7.2 
El 2; P at pH 8.6 
o 1 vol. sodium rsolybd'te at p11 7.2 1 vol. 0.11 ammonium acetate at pH 7.2 
+ 1 vol. $ uranyl acetate at pH 5,2 1 vol. 0.114 aMmcnium acetate at pH 6.8 
0  1M amonium acetate at pH 7.2 
~. 5* Graph showing changes in p11 values of 
further negative staining mixtures as they 
evaporate. 
13 2 sodium tungatate 
2 volso 	sodium tungstato at pH 7.2 
1 vol. O.].N ammonium acetate at pH 7.2 
1 vol. 2:. sodium tungstate at pH 7.2 
1 vol. O.1M armonium acetate at pH 7.2 
X I vol. 2 sodium tungatate at p11 7.2 2 vola, 091M ammonium acetate at pH 7.2 
0 0.114 ammonium acetate at pH 7 9 2 
( .114 ammonium carbonate at pH 7.2 
+ 

































Figures +6 ar4 ).,7s 	T4 in ammonium benzoate 
and phosphotungetate, X 3309000. 
Figure 1i.8s 	T2 in anicnium benzoate and 




Figure i.9s 	T2 in anionium carbonate and 
phospotungatate, X 330000. 
Figure ..],Oa 	14 in amonlum carbonate and 
pboapbotungstate, X 330000. 
Figure .Us 	066tw in ammonium acetate and 





Figures +.12 and 4.13$ 	YrR in ammonium acetate 
aW pbosphotungstate, X 330OOO. 
Figure 4,]1$ 	T2 in amioniuin acetate and pboaphotungstate 




Figure 141$ OR in amnonium acetate and sodium 
tungatate, K 330000. 
Figure +.161 T1f in ammonium carbonate and 
sodium phosphco1ybdate, X 3300O0. 
Figure 1+* 178 T4 in ammonium acetate and sodium 
phosphomolybdate, K 3309000. 
Figure If* 131 OR in ammonium acetate and sodium 
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Figure 1+* 198 	T11 in ammonium acetate ar1 sodium 
molybdatep X 330000. 
Figure 4.20, 	R in ammonium acetate and sodium 
mol.ybclate, X 330000. 
Figure 4.211 	i+ in ammonium carbonate and sodium 
molybdate, X 330000. 
Figure 14.22$ 	T2 in ammonium acetate and uranyl 








Figure f. 23$ 	T2 in ammonium acetate and uraui]. 
acetate, X 3309000* 
Figure 4.•  2es 	T2 treated with uranyl acetate and  
dried down in ammonium acetate, X 330000. 
Figure 1+9 25s 	Untreated T2 dried down in 




Figure 4.26s 	QM in ammonium acetate ar1 uran1 
acetate, X 3301000. 
Figure 4.27s 	Staphylococcus phage 70 in airaonium 
acetate aril phosphotungstate, X 330000. 
Figure 4.28s 	Staphylococcus plmge 70 in wronium 
acetate and,  uranyl acetate, X 3309000. 
.27 
—..;e











Figure 4. 29s 	Staphylococcus pbage 70 in ammonium 
acetate and uranl acetate, X 3309000 . 
Figure +.30s 	T2 in ammonium acetate and uranyl 
acetate with versene, X 330,000, 
Figure 4.318 	T2 in ammonium carbonate and irany1 
acetate with vereene, X 330000. 
4-30 
4-31 
Figure 4,32s 	T2 in ammonium acetate and uranyl 
nitrate, X 330000. 
Figure 4,33s 	T2 in ammonium acetate and uranyl 
nitrate with versene s X 330000. 
Figure L..JIf$ 	T2 in arnonium acetate and uranyl 
nitrate with versene; "high and dry" 




Figure 4,358 	OR in ammonium acetate and lanthanum 
acetate, X 330,000. 
Figure .36s 	011 in ammonium acetate and thorium 
nitrate, X 330000. 
Figure 4.378 	T2 in ammonium acetate and thorium 
chloride, X 3300O0. 
Figure 1+.38z 	Cl in a=.onium acetate and 
phosphoturigstate, X 330000. 
+137 
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CHAPTER V 
IT CTTtUCTURE OF COLT PIIAGS 
INTRODUCTION 
Bacterio*iagee specific to Esoherichia colt include a 
number of different morphological types. These ure mostly 
restricted to the "T" group and relatively few others have 
been described. In the present work, some new coliphagea, 
isolated from sewage-contaminated water, are illustrated, 
some being morphologically distinct from those in the T group. 
Present knowledge indicates that there are three 
morphological types within this group (Bradley and Kay, 1960): 
the "T even" phagee with contractile sheaths, TI and '25 with 
long tails without contractile sheaths, and '23 and '27 with 
very short tails • The very small phages 9X174 (Tromans and 
Home 1961) and VR (Bradley 1961a; Kay and Bradley 1962) 
constitute another group. The phages described here add 
three more types; also, it has been found that '22 and '24 
are morphologically distinct, thus there are eight morphological 
r'rourga in all, 
the present chapter, each group is studied in some 
- 	In the cases of '22 and '24, the molecular changes in 
RESULTS 
"T even" type Eftmes 
Figure 5.1 shows phage Tk suspended in avonium carbonate 
(0.1 N) and negative stained with sodium molybdate. A collar 
can be clearly seen between the base of the head and the top 
of the tail sheath. In addition, two parallel lines join the 
bane-plate or the tail and the collar outside the sheath. At 
two points (arrowed) the lines split into a network. The phage 
thus appears to possess a fibrous network surrounding the tail 
sheath. The fibrous nature is adequately confirmed where the 
negative staining material has caused the disruption of the 
sheath (Figure 5.2). Here, the centre portion or the sheath 
is missing, but the top and bottom remain intact; two pairs 
of fibres join the portions. The appearance is consistent 
with the presence of six fibres, the two which are invisible 
being directly behind and in front of the tail core. This is 
a logical number since it is known that the base plate Is 
hexagonal (Brenner and Home 1959b), and one would expect a 
fibre to be attached at each corner. Figure 5.3 also shown 
clearly that the network Is fibrous in nature; It has been 
broken up and Its appearance is remarkably like the often-
observed tail fibres of phage T2. As will become apparent, 
'esulta with T2 show that the tail fibres are, in fact, the 
network. 
newly isolated phage al, which Is morphologically 
in Figure 5.11. In this micrograph the collar appears to be 
split into four parts. With two more parts out of sight, the 
appearance is consistent with a sixfold radial aynretry. 
A typhoid phage # Ø66t (Figure 5.5), also has a fibrous 
outer network and this is shown even more clearly and con-
sistently than in Tk. 
Phage T2 is shown in Figures 5.7 - 5.10. A amall 
percentage of particles possessed a fibrous network 
(Figures 5.7 rnd 5.8), but no tail fibres. Others 
(Figures 59 and 5.10) had tail fibres, but no network. 
No obvious collar could be found as in the other "T even" type 
phages. 
Figure 5.10 shows a number of different components: 
two intact particles, kinked tail fibres (r), a core and base 
plate (o), and a contracted sheath (a). The latter has distinct 
cross-striations numbering 12 and with a spacing of about 33 R. 
Similar period icitlea were found on 
In a very few micrographa, the 
preservation were sufficiently good 
of th2 "xtended sheath in phages T2 
'!- other vith a possible modd, in F 
phages Tk and Ø!66t (Figure 5-17  
negative staining and 
to show the actual subunits 
and Tk • They are shown, 
Lgure 5.11. Their arrangement 
Phage El 
Figures 5e12 and 5.13 show two intact particles of phage 
El with superimposed models of octahedra for comparison with 
the head shape. The tail sheaths are extended and exhibit a 
subunit structure. There are also 20 cross-striations with a 
45 spacing. There is a distinct base-plate. 
A phage with a contracted sheath is shown in Figure 5.15. 
This has distinct parallel longitudinal striations in addition 
to rather Indistinct cross-.striations. 
The shadowed phage (Figure 5.16) clearly shows tour tail 
fibres, only faintly visible in the negative stained preparations. 
Phge Cl 
This *age has a large (900 ) head and a long tail. The 
head shape is consistent with an octahedron, as shown in 
Figure 5.18. The tall has cross-striations and a very fine 
point at the tip (Figures 5.19 and 5.22). 
Phage Fl 
Phage Fl is very similar to phage Cl, though it has not 
been possible to establish the head shape. The tail tip Is 




Platinum/carbon shadowing has been used to establish the 
head shape. In Figures 5.23 and 5.24 the shadows are cast by 
heads in different orientations and are characteristic of an 
icosahedron. This Is supported by Figure 5.25, where some of 
the facets of the head are visible and can be compared with the 
superimposed model. 
Uranyl acetate preparations (Figures 5.27 and 5.28) show 
marked cross-striations in the tail caused, presumably, by 
the protein subunits of which it is built. Calculation indicates 
that there are I#O striations in the whole length of the tail. 
Phages p4 and 32 
Phago P4 1.s shown in Figure 5.29, and y2 In Figure 5.30. 
They are similar in appearance and size (heads 600 R,, tails 
1500 ). The heads exhibit a hexagonal outline and the tails 
cross-striations. In the case of 'p2 there is a small group of 
fibres at the tail tip (arrowed) and the tails of P4 have curled 
up, possibly due to the method of preparation. 
Phage T 
This phage has already been described (Bradley and Kay 1960), 
but micrographs shown here (Figures 5.31 and 5.32) reveal two 
points of interest. In Figure 5.31 a small fibre (arrowed) is 
attached to the tail, and both this micrograph and Figure 5.32 
strongly suggest that the head is octahedral in shape. 
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SinsU "tailless" *iagea 
Because of their importance a full chapter (Chapter VI) 
has been devoted to their structure. A typical example (çEage a3, 
Figure 5.33) is included here for completeness. 
DISCUSSION 
The structure of iages T2 and Tk 
In recent years since the detailed basic work of Brenner 
et al. (1959),  there has been a good deal of discussion and 
speculation concerning the tail structure of these *Iage$. 
Anderson (1960) observed a thin disc or collar on phage Tk 
between the base of the head and the top of the tail sheath. 
In addition to this Daems et al. (1961) observed an outer 
jacket around the tail sheath and occasionally a helical 
structure superimposed on the well-known croes-striations. 
Apart from the tact that these components are definitely 
known to exist no detailed Information is available about them. 
The nature of these features has been considerably clarified 
by the micrographs shown here. The collar of Tk Is particularly 
clear In Figure 5.1 1, and a micrograph of r*age al (Figure 5.4) 
iggeste that it has a sixfold radial symmetry. This fits into 
e general symmetry pattern of the whole tail assembly. The 
or isolated. Until this is done the most likely shape which 
can be assumed Is a hexagonal plate resembling the base-plate 
(Brenner and Home 1959b). 
The so-called "outer jacket" of Daems at al. (1961) is, 
In tact, a network or cage of fibres which are of approximately 
the same dimensions as a polypeptide chain. It is difficult to 
deduce the exact arrangement, but the micrograph of V6W 
(Figure 5.5) suggests that the fibres branch some two-thirds 
of the way up the tail, each branch being attached to alternate 
apices of the collar. 
The whole inter-related assembly of collar, fibrous network, 
and base-plate Is illustrated in the model in Figure 5.6. While 
this involves a number of assumptions, It is considered that they 
are justified and that the proposed structure will closely 
resemble the true arrangement of the components. 
The micrographs of phage T2 provide important complementary 
information. As observed by Daems et al. (1961) and originally 
shown by Brenner et al. (1959). T2 appears to possess no collar. 
Figures 5.7 and 5.8 reveal a fibrous network, which Is undoubtedly 
delicate and easily disrupted to form the so-called "tall fibres". 
The Intact networks appear to attach themselves to the head in 
the absence of a collar. In Figure 5.9 the network has been 
partly disrupted, and at the arrowed points the fibres appear 
to be branching, as is consistent with the arrangement for Tk. 
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Figure 5.10t shows the characteristically kinked "tail fibres"; 
there seems no doubt that the kink occurs where the fibres of 
the intact network branch, confirming beyond reasonable doubt 
that the "tail fibres" are the broken network. 
The coarse helical structure found on the T1 extended 
sheath by Daema et al. (1961) was not seen clearly on this 
age but was occasionally visible on T2. It is shown by the 
arrows C in Figure 5.11a, and can be seen to be caused by -a 
difference in density of some of the subunits, the arrangement 
being shown in the model (Figure 5.11b). They seem to be 
slightly bigger than the others, and since it is unlikely that 
the tail sheath contains two types of protein they presumably' 
represent the same subunits in a different orientation. 
Figure 5.11 also suggests a reasonable arrangement for 
the subunits of the extended sheaths of T2 and Tk which appear 
to be similar. In Figure 5.11a the top row or four units is 
clear, two more being out of sight. In the next two rows 
ufticient units are visible to allow the preparation of the 
ode1, which seems to agree reasonably well with the Tk sheath 
:?igure 5.11c). Only the portions of the sheaths arrowed at 
and B show the subunit arrangement clearly. Elsewhere the 
t due to disorganisation. This accounts 
A0 model which can be detected in some 
Thn nrrnnme-ne%rt fthotm Is the riot likoly on the basis  
of the micrographs, but a single primary helix cannot definitely 
be ruled out. 
In the arrangement shown by the model the subunits are 
related by screw uyiwaetry and are in a series of annuli of 
sixfold radial synmietry. It is difficult to count the number 
of annuli exactly, because in negative stained preparations the 
bottom few rows near the base-plate are often disorganised; 
however there appear to be 24 or 25, most likely the former. 
The number is the same on all the "T even" type phagee. This 
gives a total of ik& or 150  subunits, the diameter of the 
visible profile being 30 R (cf. Brenner at al. 1959,  who 
suggest 200 subunits from molecular weight determinations). 
In the case of the contracted sheath, all the "T oven" 
type phageo mentioned here have 12 cross-striations (half the 
number in the extended sheath) with a spacing of about 33 R. 
There is, In addition, a coarse helix (Brenner at al. 1959). 
From this Information it is possible to build up a 
plausible picture or the changes in molecular pecking which 
bring about sheath contraction, and hence the puncture of the 
call wall. For the sheath to contract to half its length, the 
simplest mechanism would be to double the number of subunits 
from six to twelve per annulus. Thus each ring of subunits 
would slip up into the interstices of the one above. If this 
were the case, one would expect axial striations to appear on 
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the contracted sheath. In tact, there is a coarse helix 
(12 lines, rather more than 1/2 turn, pitch 1000 	not tar 
removed from axial atriations, which have, nevertheless, been 
found In at least three other phagea with contractile tails 
(pi, Anderson 1960; typhoid ç12, Bradley and Kay 1960; 
Phage El, present communication). In addition, one would 
expect to find cross-striations slightly coarser than those 
In the extended sheath. Those observed were spaced 33 Rj, 
compared with kO R for the extended sheath; they numbered, 
however, half those found In the extended sheath. Though, on 
the face of it s the first of these observations is Inconsistent, 
the presence of the right number of cross-striations on a con-
tracted sheath is evidence In favour of the change in packing 
suggested. The likely explanation for the wrong spacing is 
that the subunits are asymmetric and probably rotate to some 
extent In addition to changing their packing. This would also 
account for the fact that In the contracted sheath of the 
"T even" phagea there is a coarse helix, instead of longitudinal 
striations, as Is the case with the three other phagea mentioned. 
These reauts indicate that the tail sheath is much more 
than a collection of simply packed spherical subunits. Con-
traction appears to be brought about not only by a change In 
packing, but also by a change In orientation of the subunits. 
The function of the collar and fibrous jacket assembly 
is not known. One might expect it to have something to 
contribute towards the infective process. It is difficult to 
see how, what are probably single polypeptide chains, could 
provide any mechanical strength to keep the sheath in the 
extended state. 
No collar is visible in the micrographs of T2, but this 
does not necessarily mean that one does not exist; it may 
well be destroyed or flattened against the head by' the 
preparation process. mare is no doubt, however, that there 
is a real morphological difference, and this is or taxonomic 
interest In that T2 may be a type distinct from others in the 
group. The author is currently isolating new phages and one 
apparently resembling T2 has recently been found. 
The octahedral coli-'phaRea 
Bradley and Kay (1960) described a small phage with a 
contractile tail and a head which was probably octahedral. 
Though it was a typhoid phage (2), a number of apparently 
identical phages have been isolated from the Edinburgh area 
and Aldermaston on Eacherichia col, C2. Their structure is 
Important mainly' because of the unusual head shape, but they 
also have an interesting tail assembly. 
The Initial appearance of phage 02 heads In phosphotungte 
suggested that they were octahedra; empty heads exhibited two 
characteristic superimposed triangles. It was found with wire 
models, however, that a similar effect could be produced by an 
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icosahedron it a number of its edges were rendered invisible, 
a possibility with negative staining. This is illustrated in 
Figure 5.14. It will be noticed that in the case of the 
Icosahedron (Figure 5.14&) two of the sides of the triangle 
are bent, but with the phage (Figure 5.14b) and the octahedron 
(Figure 5.14o) all the sides are straight. 
Further confirmation was obtained with the morphologically 
Identical phage El, the actual faces of the octahedron being 
clearly visible in Figures 5.12 and 5.13. The heads of these 
phagee therefore possess k : 3 : 2 symmetry. The tail structure 
has been studied by Bradley and Kay (1960) but a few additional 
features are shown here. The extended sheaths in Figures 5.12 
and 5.13 have a structure which reflects the helical nature of 
the arrangement of the subunits, but it is not sufficiently 
clear to construct a model as with T2 and Tk. 
Since the contracted sheaths have both longitudinal and 
transverse striations, it seems likely that the mechanism of 
sheath contraction is basically similar to that of the "T even" 
phagea. 
At the base of the extended sheath of El there is a very 
small base-plate, and tour short tail fibres clearly shown in 
a shadowed phage (Figure 5.16). This is consistent with a 
fourfold radial symmetry of the tail assembly, lying as it 
does on the fourfold axis of the octahedral head. Bearing 
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in mind the fibrous network of the "T oven" *age group, it 
is considered that the micrographs do not show the tail fibres 
in their true positions. In a very tow cases (negative stained) 
they seemed to be folded up the outside of the extended sheath, 
and the presence or otherwise of a similar structure is a matter 
for future investigation. 
Morphologically, this is a unique group or phages, there 
being no apparent variants within It, It Is common in sewage -
contaminated water. 
It is Interesting to note that two Pseudornonas phages of 
very similar appearance have been found (See Chapter VII). 
Large phsgs without contractile tails 
Two phagee are Included In this group, tage Cl and phage 
Fl. They are characterised by large heads and long tails. 
Phage Cl has an octahedral head, but it has not been 
possible to establish the shape of that of Fl because the 
heads usually collapse, but some micrographs also suggest an 
octahedron. The two phagea are biologically distinct since 
they have different host ranges on strains of Eacherichia coil, 
and the difference In tail structure confirms that they are 
taxonomically distinct. 
Smaller phaga without contractile tails 
Phage T5 Is studied in some detail as a representative of 
. 
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a large group where the members are often very similar 
morpholo€ioally. 
From the evidence described above, there is every reason 
to believe that P5 has an toosahedral head, but an octahedron 
cannot be completely ruled out until definite confirmation has 
been obtained by negative staining. The head shape is important 
in deducing the distribution of the protein subunits in be tail. 
It is possible by considering the radial and axial symmetry of 
the tail, its length, and also the size of the subunits, to 
build up a picture of the molecular structure. 
The radial symmetry of the tail could not be observed 
directly on the few micrographs obtained of short lengths in 
section (Figure 5.27.)p but it 1s possible to deduce the 
symmetry from the geometrical form of the head. As we have 
already seen, the "P even" type phagee poesee a tail attached 
to their sixfold symmetry axis and this tail is also built on a 
basis of sixfold radial symmetry. The four fibres of the 
octahedral phagee, whose tail is attached to their fourfold 
symmetry axis, also suggest strongly that it too possesses 
fourfold symmetry. Considering these precedents, it is logical 
to assume that other phage tail., including that of PS, also 
have the sae symmetry as that of the axis on which they are 
attached. Phages, like many other types of virus, are clearly 
built on a strictly geometric basis and should therefore obey 
rules of symmetry. It I. thus considered justified, until 
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contrary evidence is presented, to assume that the T5 tail 
possesses the radial symmetry of the head axis to which it is 
attached, namely the fivefold axis. The subunits should thus 
have a fivefold radial arrangement. 
The axial arrangement of the subunits can be seen clearly 
from the tail (arrowed) in Figure 5.28. They lie exactly 
opposite one another, indicating that they are not arranged 
as a helix, but in a series of annuli. They appear to consist 
of a number of short tubes which can be seen and-on in the 
disorganised tail (Figure 5.27, arrowed). 
There are about 110 annuli per tail, and with five subunits 
per annulus, based on the fivefold radial symmetry already 
discussed, there are some 200 subunits in all. The overall 
picture of the phage obtained by these results and deductions 
is illustrated in the model in Figure 5.26, based on an 
icosahedron. 
Phagee 0 and 2 represent a group resembling the &BL type 
of typhoid phage (Bradley and Kay 1960). They have fairly small 
heads (c 600 ), long tails CL500 ), and look generally similar 
to T5. Both of those shown hero exhibit hexagonal outline of the 
head and cross-striations of the tail (Figures 5.29 and 5.30). 
Their sizes seem the same and, in the preliminary studies so 
far made, their morphology. Since they differ somewhat in their 
host ranges, a structural difference would be hoped for and, 
after the study of phagea Cl and Fl, this might be in the 
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appendage at the tail tip. Such an appendage has only been 
found in Y4 and consists of a small group of fibres (Figure 5.30, 
arrowed). In the case of 04 the tails had curled up. TIM was 
noted with a number of similar phages in this group, but it is 
not certain whether or not it is due to the method of preparation. 
This will be the most difficult group to fit into any 
scheme of classification; morphologically they are very 
similar. Any differences will be very small, and perhaps 
limited to tail appendages which are difficult preserve 
and examine. The phagee are very common, and it is interesting 
to note that they are most frequently found associated with 
wildfowl, the host perhaps being a strain of E. coli found 
in these birds. 
Phages with very short tails 
This morphological group is boat represented by phage ¶J3. 
It is mentioned here because a few examples have been found in 
water samples, but it is relatively uncommon. It is interesting 
to note that several similar types havo been found associated 
with other bacteria, for example Brueclia ilortua (Brinlcy'Morgan, 
Kay and Bradley 1960), and also species of Paeudornonaa (see 
Chapter vii). 
The possibility of an octahedral head suggested above is 
of interest. This Is very simple, and structurally the phaga 
is the least complicated so far examined. 
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The small_"taileas phages 
Phages 0174 (Slnaheimer 1959; Tromans and Horns 1961) 
and Ø'R (Bradley 1961a; Kay 1962; Kay and Bradley 1962) have 
been described in detail, and their unique form has aroused a 
great deal of interest. It has been found that this type is 
common in sewage-contaminated water and eight new isolates have 
recently been obtained (Bradley 1962). One of them, a3 (see 
Appendix IV), is illustrated here. 
These phages consist or single-stranded DNA within an 
icosahedral protein coat. There are morphological subunits 
at the apices of the icosahedron. Recent investigations have 
revealed more of their structure and are described in Chapter VI, 
CONCLUSION 
The results in this chapter are of both taxonomic and 
structural interest. In addition to details of molecular 
structure, reliable deductions on dynamic processes such as 
sheath contraction can be made. The taxonomic aspectof the 
information described here will be discussed below (see 
Chapter VIII). 
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Figure 5.1s 	24 in sodium molybdat., X 330000. 
Figure 5.2* in potassium phosphotungstate, X 330 9 000. 
Figure 5.3* 
	




Figure 5s8 	a 1 in potassium phosphotungatato, 
X 330 0 0000 
Figure 5.51 	066t. in potassium phosphotungatate, 
X 330,uOQ, 
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Figure 5.6s 	Model of phage 111. 
. 6 
Figures .79 598 ar 5.9s 	T2 in potassium 
pboaphotungstate, X 330000. 
$ 
, 
Figure 5.101 	T2 in potassium phosphotungstate, 
X 330000 * 09 core. s, contrsted sheatho 
f, tail fibres. 
5.10 
Figure 5e lls Extended sheaths* 	ap of T2. 
b, mactel, a, of TI. 	X 700 9 0000 
Figure 5* 12s E 1 in potassium phospbotungstrte with 
model of octahedron, X 330,000. 
Figure .131 The same but with phegs head and 
model in different orientation* 
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5.12 	 5.13 
Figure 5.141 	Head of phags 04 al wire model of 
icosahedron. b, empty phage head in phosphotungstate. 
a, wire mode], of octahedron. X 20 90000 
Figure 5.151 E 1 with contracted sheath i: potassium  
pbosphotungstate, X 330,000. 
Figure 5.16: E 1 shadowed at tan} with platinum 
metal, X 1000000  
Figure 5.17: 	Contracted sheath of 066t- in  
potassium phosphotungstate, X 330 ,000, 
k3i*A 








Figures .18 and 5919$ 	Cl. in potassium 
phosphotungatate, X 330,000. 
Figure 5.20$ 	Tail tip of phage Fl in potassium 
phosphotungstate s X 330000, 
Figure 5. 21s 	D ra4ng of 11gurs 5, 20. 
Figure 5.22$ Tail tip of phage Cl in potassium 
pLtosphotungstate, X 3309000. 
Figures 5.23 and 5.21+1 	Heads of T5 in .uiox'&it 
orientations, platirniin/earbon shi1oW1 at 
tan-'*, X 25020000 
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5.23 	 5.24 
Figure 5. 2s 	HmA of T, platinum/carbon shadowed 
at tan1 with mcdel of iooeahodron, XfOOOO. 














Figure 5,291 P  4 in potassium phoapbotungatate, 
X 33OOOO. 
Figure 5.301 y 2 in potassium pbsphotungstate, 
X 33(OOO. 
Figures .31 ard 5.321 	T3 in potassium 
phosphotungstate g X 330000. 











TIt STRUTUR OF THE SMALL "TAILLrSS" PHAGES 
INTRODUCTION 
A group or very small baoteriol*lages with no tails has 
been described in the literature. There are three members, 
t174 (Hall, Maclean and Teseman 1959; Sinsheimer 1959; 
Tromane and Horns 1961), 313 (Zahier 1958), and tage Ø'R 
(FilcIes 1954; Bradley 1961a; Kay 1962; Kay and Bradley 1962). 
Not only are they structurally interesting, but they also possess 
their DNA in a unique, single-stranded form. A great deal of 
attention to being paid to these phages at present, and because 
or this a full chapter has been devoted to them. 
Clearly, the discovery of additional similar phagos would 
be of interest in that wider comparative studies would be 
possible. With this in mind, eight now isolates, morphologically 
Identical with the original three members of the group, have 
been obtained from sewage and water samples. 
Because of their similarity in appearance it has been 
necessary to distinguish these phagos by other means. 
Kay (1962) found that Ø'X17k, 313 and R reacted differently 
with various strains of Escherichla coil and Salmonella typhi, 
but at a quantitative level. The new Isolates have thereforc 
been differentiated by means of host specificity tests. 
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Detailed electron mioroaoor has been carried out on 
phage 9fR which is described first. Most of the micrographs 
were obtained from a phage suspension supplied by Dr. D. Kay, 
but an equally satisfactory preparation was subsequently made 
by the author by the method described in Chapter II. An example 
is shown in Figure 6.11, 
PHAGE Øt 
Platinum-shadowed part icles  
Micrographs similar tothose of Hall et al. (1959) were 
obtained. Figure 6.1 shows that, in spite of a particularly 
granular shadowing layer, the six knobs observed by these authors 
were present in the IR specimen. Most of the particles were 
orientated so that one knob is surrounded by five others in 
regular pentagonal array. A number of particles exhibited a 
completely different orientation, however; one of these is 
Illustrated in Figure 6.2, where eight knobs can be seen. 
This was not observed by Hall et al. (1959) who found that 
all their particles were in the first orientation. The 
appearance of the particle is exactly consistent with an 
Icosahedron having twelve subunits • In the first case 
(Figure 6.1), it is viewed down its fivefold symmetry axis, 
and in the second (Figure 6.2) 0 down its twofold axis. This 
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implies that the phages are standing either on an apex or an 
edge. It will also be noticed that there is an appreciable 
gap between subunits, particularly in Figure 6.2, indicating 
that, in all probability, the knobs do not represent the single 
subunits of a protein coat. 
Flat inuin/crbon shadowing 
A heavily-shadowed replica was prepared so that the com-
bination of high contrast and sharp shadows obtained under such 
conditions would provide information about the geometrical form 
of the phage particle by means of shadow analysis (see Chapter III) 
The heavily-shadowed preparation of phage A did not show 
up the knobs seen with the platinum-shadowed particles because 
they were obscured by the thick shadowing rum. A few particles 
did, however, exhibit the shadow shape shown in Figure 6.3, the 
flat-topped one being typical or an icosahedron lying on a face, 
and the pointed one also lying on a face, but differing by 60 0 
In orientation with respect to the shadowing direction. By far 
the greater majority of particles exhibited pointed shadows, 
since the preferred orientation was the same as with the 
platinum-shadowed preparation. 
Particles shadowed more lightly with platinum/carbon 
showed up the knob structure and also, in this particular 
replica, large areas of regularly-packed phages were found 
(Figure 6.4). It will be noticed that the packing is not 
truly hexagonal (the angle between the lines made by the 
particles is 108 instead or 1.200)  as would be expected with 
icosahedra. A likely explanation is that some distortion had 
taken place during drying. 
Particles embedded in lanthanum acetate 
Particles embedded in lanthanum acetate are illustrated in 
Figure 6.5. There appears to be no preferential staining of the 
DNA or protein coat, in fact true "negative staining ! was achieved. 
The first most obvious point about this preparation is that there 
Is no sign of the knobs seen In the shadowed specimens. The 
particles exhibit a well-defined hexagonal outline, their edges 
being straight and the angles sharp. The hexagonal outline is 
consistent with an loosahedron viewed down either Its two or 
threefold symmetry axis • The rather coarse background of 
lanthanum acetate precludes the direct vieuaiat1on of :any 
small protein subunits. 
Particles embedded In uranyl. acetate 
It can be seen from Figure 6.6 that the hexagonal outline 
Is apparent when uranyl acetate Is used, but that it is not so 
obvious as in the lanthanum acetate preparation. It is clear 
that the staining mechanism with urarl acetate is different and 
that some positive staining has taken place In certain parts of 
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the phage. The majority of the particles in Figure 6.6 are 
outlined by a dark line; within this is a pale band, and the 
centre is noticeably darker than the general background. The 
larger knobs found with the shadowed partie are absent, but 
a number of phages possess black specks arranged in the same 
way (Figure 6.6, arrowed, and Figure 6.7). 
None of the micrographs studied so far has shown any 
regularly arranged subunits as demonstrated by Home et al. 
(1959) with adenovirua, though in a very few cases, as in 
Figure 6.8 9 some indication of organisation appeared. 
It has been thought up to now that this type of phage 
possesses no tail. The appearance of a small protrusion on a 
number of particles was therefore unexpected. This must, 
however, be considered in conjunction with micrographs of 
phosphotungetate preparations. 
Farticlea embedded in phoctotungstate 
Here, knobs on the apices of the icosahedron are clearly 
shown (Figure 6.9). This indicates beyond doubt that they are 
not artefecta caused by the shadowing process. In Figure 6.9 
they are extremely clear and are seen to consist of two parts, 
an appearance corresponding to a tube on its side. In the 
empty particle or ghost" In Figure 6.10, they have a similar 
appearance, though they are in a different orientation, the 
icosahodron Is lying on its twofold rather than Its threefold 
symmetry axis. This indicates that they are more likely to be 
some form of dimer, rather than a tube. The "ghost" also shows 
clearly that the protein coat is continuous and cannot be resolved 
into discrete subunits by phosphotungstate, 
No obvious tall is visible here, though the presence of 
one has been suggested by the uranyl acetate preparations. It 
is possible that one of the apical subunits Is chemically and 
perhaps physically different to the remainder. 
In addition, some arrays of particles were found similar 
to the shadowed preparation in Figure 6. 11. It can be seen that 
they also are not in an exact hexagonal array (Figure 6.11), 
though the particles are apparently lying on their threefold 
symmetry axes. It would appear, therefore, that some distortion 
has also taken place in this case. 
Size measurements 
The average diameter of phage fi was measured from 
micrographs calibrated with monodiaperse suspensions of Dow 
polystyrene latex • It was found that the latex spheres shrunk 
slightly on irradiation by the electron beam and, allowing for 
this, a figure of about 280 R was obtained. 
NEW ISOLATES 
The general appearance of the new Iagea in the electron 
microscope is similar to that of ØR. Phage a3 is illustrated 
In Figure 6.12 as a typical example. The apical subunits are 
clearly visible. 
In order to determine whether the phages were biologically 
similar, qualitative host range teats were carried out by a 
modification of the cross-streak method (see Chapter II) on 
five strains of Escherichl.a colt. The results are given in 
Table 6.1. 
It can be seen that a number of patterns are common to 
several **ages; for example, R, a1O,8 and WA/1 form a 
group, but one cannot say definitely that these are identical 
because of the limited number of tests carried out • Furthermore, 
they were isolated from widely separated localities, as shown 
In Table 6.2. 
DISCUSSION 
Perhaps the most Important question concerning this group 
of phagea is their mode of infection. It is not by any means 
certain that the particle possesses a tail, though some micrographs 
shown here suggest that it does. Kay (1962) showed that the 
[;i, 
TABLE 6 . 1 
HOST RA!ES OF 0174 'fIFE  MAGES 
Phage B 	M 	B/1,5 	H 	R2 
- 	 - 	 + 
a) + 	 + 	 + 	 + 	 + 
alO - 	 - 	 - 	 + 	 - 
+ 	 + 	 + 	 + 
- 	 - 	 - 	 - 	 - 
- 	 - 	 + 	 - 
06 + 	 + 	 + 	 + 	 + 
WA/i  
WF/l - 	 - 
TABLE 6.2 
LOCALITIES FROM WHICH PHAOES WERE ISOLATED 
Phage Type or Source Place 
Unknown Probably Egypt 
a) Stream Edinburgh 
alO Stream Edinburgh 
51 Stream Nr, Edinburgh 
5  21 Loch Edinburgh 
18 Sewage Farm Aldermaston 
06 Stream Edinburgh 
WA/1 River Danube, Vienna 
WF/l Sewage outlet Nr. Aberdeen 
85. 
phage was univalent because it did not cause agglutination of 
host cells. This indicates a single adsorption site. On the 
other hand, shadowed micrographs and particles embedded in 
*ioaphotungetate clearly reveal twelve protuberances at the 
apices of the icosahedron. Obviously it is not possible to 
suggest how this phage achieves penetration of the cell wall, 
though it seems likely that the apical subunits are connected 
with the process In some way. 
It is Important to note that one of the micrographs, 
Figure 6.10, clearly shows that the phage possesses an 
apparently continuous protein coat. The apical subunits seem 
to be attached to it, rather than being part of it. It to 
reasonable to suppose that the protein of which they are made 
is different to that of the continuous part of the envelope, 
otherwise one might expect to see the arrangement of the subunits 
of the latter. 
While much has been revealed concerning the structure of 
this type of phage, it is clear that further experiments and 
electron micrographs are required to fully elucidate its form 
and function. 
Whether or not the new phagea mentioned can be considered 
as merely new strains or varieties of ØX174, Ø'R or 313, or 
whether they are different phages, Is a matter of taxonomic 
Interest and the question at applied to phages in general is 
considered in Chapter VIII. 
It is not certain that they all possess single-stranded 
DNA, but it seems probable that they do so, like the three 
original members of the group. 
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Figure 6 is 	R ai4owit at tanu1 	with platinum 
metal, X 17000. 
Figure 6. 2s 	OR observed down its two-fold syrtaetry 
axis. Platinum shadowed at ten", X 33000(. 
Figure 6.31 	OR heavily shadowed at tan4 with 
platinum/carbon, shoving characteristic 
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Figure 6.4s 	Wa particles arranged in a nearly 
bexaoal array s platinum/carbon 3W owed  
at tan49 x 157,000. 
Figure 6.51 	Wa in lanthanum acetate, X 3309000. 
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Figure 6.6s 	011 in uranyl acetate, X 270000. 
Figure 6.7* 	Single particle of OR in uranyl 
acetate X 330000. 
Figure 6.8s 	ØR particles in uranyl acetate 














Figire 6.9s 	R in potassium phosphotungstate; 
arrows indicate apical subunita g X 330,06U. 
Figure 6,los 	An empty and a tã.11 partial. of OR 
in phospbotungatate, X 7000. 
Figure 6.118 	An array of OR particles in 
phospPiotmgstate, X 230 9 000. 
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CHAPTER VII 
THE ST11UCTUR OF SO}IE STAPHYLOCOCCUS tND P3EUD01-10MAS PHAGES 
INTRODUCTION 
A few Staphylococcus and Pseudomonas phages have already 
been studied in the electron microscope (Bradley and Kay 1960), 
and the results were sufficiently interesting to warrant further 
examination of the phages  in the two groups. In the case of the 
Staphylococcus phages, the most interesting was one with a large 
head and a tail no less than 3000 R long with a terminal knob 
(phage 6). Only two Pseudomonas phagos were illustrated, and 
these also had terminal tail knobs. 
The present communication amplifies the information already 
obtained concerning the Staphylococcus phages • A number of new 
Pseudomonas phages appear to be similar to coliphage T3 and 
Brucella phage (Brinley.Morgan, Kay and Bradley 1960); another 
resembles a new coliphago (phage El, Chapter v). 
Most of the phages were supplied in high titre broth 
preparations and only fleeded 10 : 1 concentration by centri-
fugation to render them suitable for electron microscopy. 
Pasudomonas phag.s were grown by the double agar layer method, 
described In Chapter II. 
Specimens were prepared for electron microscopy using 
neutral potassium phosphotungatate, sodium tungetate and also 
uranyl acetate with the negative staining technique 
I1 
(Brenner and Borne 1959a).  Phages were suspended in 0.1 M 
neutral ammonium acetate for this purpose. 
STAPHYLOCOCCUS PHItGS 
Phagea 77, P42D, 581, b5 81 
These phages have heads showing a regular hexagonal outline 
when the DNA is present, but they become rounded when it is absent. 
The tails are all about the same length (21100 ), most of them 
exhibiting marked croas-etriations • There is a distinct knob 
at the tip of the tails shown best by phage 77 (Figure 7.1); 
It frequently becomes detached during purification. 
Phages 187,  71, 72, P52A, P71, 52 
These rI,ages have the same appearance, but the tails are 
much shorter (about 1500 ). Distinct knobs were round in most 
cases, e.g. phage 187 (Figure 7.6), but they were not always 
observed, probably due to losses during purification. Not all 
the phagea  are illustrated, as their appearance is identical, 
but their dimensions are included in Table 7.1. 
Phagee 3B1 6 a 70, 591 n, 
All are similar in appearance; they have oval heads when 
TABLE 711 
	
Read 	Tall 	Serological Phage Number 	Dimensions Length Group 
GROUP 1 
Section A 
77 	 550 	2200 	 F 
P42D 	 550 	2300 	 F 
583. 
b581 	 550 	
2400 	 F 
Section B 
187 600 1700 L 
71 500 lkOO B 
72 550 1500 - 
P52A 500 1500 B 
P71 600 1500 B 
52 500 1500 B 
GROUP 2 
3B 800x600 3000 A 
6 920x1&00 3000 A 
59kn 
b" 
x 550 3000 A 
70 (PTA) 980x530 3000 A 
(urany1'cethte) 	'° x 300 2800 A 
Note: Measurements were from phoophotungatate preparations 
- except where stated. The serological group number is 
that of the Streptococcus and Staphylococcus Reference 
Laboratory, Colindale Avenue, London. 
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embedded in *ioa*otungstate (Figures 7.8, 7.9, 7.11, 7.12) 0 
but sometimes they show sharp angles (Figure 7.10). They have 
a six-aided outline, elongated in the same way, but rather more 
than the "T even" phage heads. The tails are very long (3000 R) 
and show distinct cross-striations in phages 70, 594n and 
The appearance or otherwise of striations in phage tails seems 
to depend upon staining efficiency, so that they may not always 
be visible. There appear to be about 70 per tail here, and they 
are presumably the prott subunits of which the tail is built. 
It can be seen from Figure 7.8 that they resemble short tubes, 
as in coliphage T5 (Bradley and Kay 1959), and are arranged in 
annuli. 
It has been possible to resolve the structure or the knob 
on the tip of the tail of phage 594n (knobs are present In all 
these phagee) which Is illustrated in Figures 7.8, 7.11, 7.12. 
It appears to be more like a base plate than a knob (see Bremar 
and Home 1959, for illuatratlon of T2 base plate) and resembles 
a cog. It presumably reacts with the receptor site on the 
bacterial cell wall. The radial symmetry is of particular 
interest In that It is sixfold and doubtless reflects the 
radial symmetry of the tail Itself. This enables the number 
of tail subunits to be estimated as 6 x 70 (the number of annuli 
or striations) which is 420. The validity of this deduction will 
be discussed below. 
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The dimensions or these phages have been measured and are 
shown in Table 71. It has been found that there are large 
discrepancies in the head dimensions for phage 70 according to 
the negative stain used (see Table 7.1). Reasons for this have 
been discussed in detail elsewhere (see Chapter IV) and it is 
felt that the variations in head dimensions given are due to 
this factor. The tails are all the same length. 
DISCUSSION OF STAPHYLOCOCCUS PHAGES 
It is clear from the micrographs that the Staphylococcus 
phages so far examined fall into two distinct morphological 
groups, those with the uniformly hexagonal heads and tails of 
varying length, and those with the elongated heads and very long 
tails. The first group can also be conveniently subdivided, as 
in Table 7.1 9  Section A having tails of about 2400 R and Section B 
with tails of 1500 1700 R. There is some difference in the 
head sizes of all the phagee but this is not considered signi-
ficant, since the distortion of the heads Is likely to vary 
considerably from one preparation to another. Size measurements 
from negative stained phage heads have not been very reliable. 
The tail lengths show much greater consistency. It is not known 
whether the 200 R difference between phagea 187 and 71 and the 
rest of Section B is significant. 
9-11 a 
A number or the phagos studied originated at the Central 
Public Health Laboratory, Colindale Avenue, London, and it has 
been possible to ascertain their serological relationships 
(Aehesbov, personal communication). Those which are known are 
summarised in a column in Table 7.1, and the relationship with 
morphology is obvious in that the *ages which are related 
serologically are morphologically similar. 
Certain deductions can be made concerning the detailed 
morphology of the phages in Group 2, Table 7.1, provided it is 
assumed that they obey rules of symmetry, as has been discussed 
in detail in Chapter V. For example, in phage 594n a base plate 
with sixfold radial symmetry was found attached to the tail tip, 
and it the rules are to be obeyed the tail should have the same 
radial symmetry. 
The deductions which can be made concerning the Group 2 
Staphylococcus phagee are as follows. From the sixfold symmetry 
of the base tte, the radial symmetry of the tails, and the head 
axis to which it is attached, can be found. The number of tail • 
subunits can be calculated to about 420 as shown above. The 
head already shows elongated hexagonal outline, and with sixfold 
symmetry in a perpendicular plane the implication is that it has 
a head similar to that of T2, namely a bipyramidal hexagonal prism. 
On this basis the threedimenaional morphology of this phage is 
complete and a model could be made. 
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While at present all the information available suggests 
that phagee obey the rules of symmetry,, it is considered that 
a few more should be studied with this in mind before the 
assumption can be considered universal. Any direct and moon-
travertible evidence to the contrary would, of course, be 
extremely Important. 
It is interesting to note how the tail tips stick together 
In several cases; this may be due to adsorption to pieces of 
cell debris. 
PSEUDOI4ONAS PHAGES 
Thages 14, 15, 20, 21 
These phagea are all morphologically similar to coliphage 
T3 (Bradley and Kay 1960) and Brucella phage (Brinley-.Morgan s, 
Kay and Bradley 1960). Two are illustrated in Figures 7.13 
and 7.14. The only difference between them and the other phages 
lies in size. The dimensions are given in Table 7.2. It has 
already been pointed out that head dimensions measured in 
negative 3t3 ini prepar:t ions may be unre1iable bat there seer 
little doubt th3t one phage has a much longer tail than the 




Phage 	Head 	 Tail 
Number Dimensions Length 	Host Species 
GROUP_i (T3 types) 
14 	 iIOO 	 130 
15 	 1O0 	 150 
20 500 	 300 
,I 	 NONE 10=0 
T3 	 550 	 150 
Bruoeila 	550 	 150 
GROUP 2 (others) 
12B 	700 and 500 	— 
123 	 800 	 1000 
El and 5t2 	800 	 1100 












coil C2 an 
S. typhii 
Pa. niarina1ls 
(NCFFB 269)  
Notes Por'detalle of Pa. sringae sea Billing, Crosse 
and Garrett  
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Phages 2k 1, Pe 
Phage 24 strongly resembles the coli*iagea Cl and Fl 
(see Chapter v). It has a large head showing a hexagonal 
outline and a long thin tail. It differs from the co1ijagea 
in the shape of the appendage at the tail tip. This consists 
of a group of very delicate fibres (Figure 7.16). Ptiage Pc has 
already been described (Bradley and Kay 1960), but is shown here 
for comparison. The head also has a hexagonal outline, but there 
In a knob on the tip of the tail. One micrograph suggests that 
the shape of the head is an octahedron (Figure 7.15). 
Phge l2fl 
The phage is of unusual appearance, resembling to some 
extant the temperate phage P22 examined by Anderson (1960). 
It has a head with hexagonal outline and a complex assembly 
without a tail attached to it (Figure 7.17). Empty particles 
have a central tube running through this, shown in Figure 7.18, 
where two particles have adsorbed to a piece of debx'lc and 
presemably ejected their DNA. It will be noticed that they ar 
similar in appearance butct different size. Figure 7.19 shows 
two intact phagea of different size. This form of dimorphism 
has been found in a Streptococcus lactis phage which is shown 
here for comparison (Figure 7.20). The reason for this phenomenon 
is not known; it has also been found by Anderson (1960). 
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Phage l 
This phage is or particular interest in that it has many 
features in common with some colt-typhoid phagea (Phage A. 
Bradley and Kay 1960, and phage El, Chapter V)1 It possesses 
an octahedral head like the other two phages mentioned 
(Figures 7.21 and 7.22). The tail is slightly shorter, but 
has cross-striations like the coil-typhoid counterparts • A 
group of tails and a phage showing a contracted tail sheath 
are illustrated in Figure 7.23. The contractile tall sheath 
has, until now, been almost entirely restricted to the coil-
typhoid phagee. The tail tip also differs slightly from the 
coil-typhoid phages in that there Is an Indistinct cluster of 
fibres rather than the four present in 02 and El. The base of 
the sheath can be seen to thicken into a base-plate In Figure 7.23, 
but this is much clearer in the ;ontracted sheath In Figure 7.24. 
DISCUSSION OF PSEUDOMONAS PHAGES 
In contrast to Staphylococcus phages, those of Pseudomonas 
exhibit considerable morphological variation • There is no obvious 
correlation with this and the hosts on which they grow (see 
Table 7.2) 0 so that taxonomically they are very confusing. 
Structurally the group is of interest, since the phages show 
almost as much variation as the coliphages. Because they exhibit 
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a variety of tail structures, corresponding differences in 
their modes of adsorption and DNA injection might be expected. 
Pseudomonas phages would obviously be worth further detailed 
investigation, particularly if new types are isolated. 
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Figure 7.1$ 	Staphylococcus phage 77 in pbosphotungstate, 
X 330000. 
Figure 7.2s 	Staphylococcus phag. P42) in 
phosphotungatate, X 3309000. 
Figure 7.31 	Staphylococcus phag. 581 in 
phosphotungstate, X 33000, 
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Figure 795s Staphylococcus phage P71 in 
phosphotungstate, X 3300009 
Figure 7.6; Staphylococcus phage 187 in 
phosphotungetato, X 330 9 000. 
Figure 7.7; Staphylococcus phage 52 in 
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Figure 7.101 	Staphy1oaocus phage 70 in urany]. 
acetate, K 330000. 
Figures 7911 and 7.12* 	Heal aid tail tip of 





Figure 7.13$ 	Psiidconas phage 20 in 
phosphotungatate, X 330 9000. 
Figure 7.14s 	Pseu1omonaa phage i.l+ in 
phosphotungstate g X 3300O0 9  
Figure 7015* 	Pse.400nas phage Pa in 
phosphotungstate, X 3309000. 
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Figure 7.16* 	Pge4ontonas phage 2 in 
piioephotungstate, X 3300009 
¼ 
____ 	• 	;?•Z 
Figure 7.17a Paeudouonas p1mg. 12B in phosphotungatate, 
X 330,000. 
Figure 7*13s Different sized empty particle, of 12B 
adsorbed to debris, X 330000. 
Figure 7.19$ Different sized full partial.. of 12B, 
X 330000, 
Figure 7.20; Different sized particles or itretococcus 
lactis t,hage 3ML in phoaphtungstat., X 33o,0. 




Figure 7.21s 	Pae1omonas phage 128 in phosphotungetate, 
X 33QO00. 
Figure 7.22$ 	The same in a different orientation s 
X 330,000. 
Figure 7923s 	Psedomonas phage 128 with contracted 
sheath in phpaphotungetato, X 330G. 







The results described have provided useful information on 
a number of important aspects of page research, and electron 
microscopy in general. Firstly, it has been possible to fully 
exploit the negative staining technique and assess its potenti-
alities; this is largely because phagea are ideal test objects 
for the purpose • Secondly, the careful use of the method has 
revealed hitherto unknown structural details of some phages  and 
permitted Something of the arrangement of the protein subunits 
to be seen. Thirdly, the examination of a number of different 
phages provides a basis for the discussion of phage taxonory 
based on morpholo. Each of these aspects will be considered 
in this chapter. 
THE NEGATIVE STAINING TECHNIQUE 
The technical requirements for producing high-resolution 
electron micrographs are very precise in that both instrument and 
preparation method must be used under optimum conditions. With 
modern electron microscopes there is no reason why electron 
micrographs having better than 10 R resolution should not be 
regularly obtained by an adequate operator, and in the present 
case it has been found that the Siemens Elmiskop I is sufficiently 
reliable to enable this to be achieved as a mere routine operation. 
It has thus been possible to concentrate fully on the specimen 
preparation side and to obtain the best possible results with 
the negative staining method. It is considered that in the past 
the method has not been used to its full advantage by the majority 
or electron microscopists, largely because of a lack of information 
concerning the effectiveness and behaviour of different materials 
under negative staining conditions. It is hoped that the infor-
mation given in Chapter IV will rectify this, as has certainly 
been the case with the author; it Is now possible to choose a 
part iôular material for a particular purpose, for example uranyl 
acetate is generally most suitable for preserving the shape of 
*Iage heads, or phoaphotungstate and sodium molybdate are best 
for fine detail. 
The method is being used more and more widely on different 
types of specimen, and there is mtle doubt that it is one of the 
most valuable developed. It is certainly the best for studying 
bacteriophages under most conditions, but is is emphasised that 
complementary techniques, such as shadowing, must not be 
neglected, but used in conjunction with it. 
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THE FINE STRUCTURE OF BACTERIOPHAGES 
Perhaps the most important results arising out of the present 
work are the new features round on the "T even" phages. The 
original work of Brenner et al. (1959) led one to believe that 
there was little more to be learned concerning their structure, 
but it Is clear that these viruses are much more complex than 
was at first thought. The micrographs shown here raise a 
number of new questions concerning, for example, the function 
of the fibrous network around the sheath. Whilst the structure 
proposed In Chapter V appears to be the most I .ke1y, much remains 
to be confirmed. 
The same sort of problems are liable to arise with the 
octahedral colt and Pseudomonas *iages, since they appear to 
be built on the same basic principles. 
It is considered that the visualisation of the shape of a 
*age head is very Important because of the possibility of 
deducing the subunit arrangement in the tail. In addition, it 
seems likely that the geometric form may reflect something of 
the manner in which the nucleic acid is packed within the head. 
It is thus of part icbr interest to note that the well-known 
phage T3 appears to be an octahedron, one of the many which are 
currently being encountered. 
The electron microscopy of the ØX174 lype phages described 
In Chapter VI has provided much useful information by elucidating 
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the shape, size, and general architecture of the particle. 
However, the results pose a new and fascinating problem; the 
mode of DNA injection. The micrographs obtained up until now 
can only lead to useless speculation on the matter and it is 
clear that experiments on adsorption to boat cell walls are 
required to give any indication of how this is carried out. 
The only reasonable point which can be put forward at present 
is that the apical subunits are likely to be involved in the 
process in some wry. 
P1AGE TAXONOMY 
The pbages of the coil, Staphylococcus and Pseudomonas 
groups are equally Interesting for the taxonomist. It can be 
seen from the results that there is a reasonable possibility of 
classifying them on a morphological basis. Adams (1950)  states 
that there are three main criteria which should be applied in 
any system of phage classification: morphology, serological 
properties and host range characteristics. Let us consider 
first how purely morphological characteristics could be used to 
classify the phages studied hare. 
They split up into well-defined groups: those with 
contractile tails (T2 0 El, 123), those ?lth non-contractile 
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tails (Fl, T5,  P24), and those with short tails or no tails 
(T3, 12B, FR). This might seem to provide a reasonable basis 
for preliminary division, but within each group it is found 
that another important morphological characteristic, the shape 
of the head, varies. In the first group there is both the 
birramidal hexagonal prism of T2 and the octahedra of El and 
123. In the second and third groups there are both octahedra 
and icosahedra. 
Such a grouping would clearly lead to confusion, and it is 
considered that it would be better to use a system of basic 
morphological types. These are listed in Table 8.1. It will 
be found that almost all the phages fit into one or other of 
these types. The exceptions are the Fl types, the smaller T5 
types, 3ML and some Pseudouionas and Staphylococcus phagea with 
terminal tail knobs. Here, the tail structures which would have 
to be used to differentiate them have not yet been adequately 
examined. Such a system raises the question as to whether one 
phage is the same as another because it looks identical, in spite 
- 	of the tact that it may have a different host. Within a group 
of phages specific to one type of bacterium this would raise no 
problem, since the question of host range would only arise at 
the strain level of the bacterial species; it seems unreasonable 
to use strain differences in hosts to differentiate between what 






Head Shape (probable) Tail Type, etc. 
T2 Bipjrainidal hexagonal Contractile sheath, 
prism no collar visible 
Tk Bipyramidal hexagonal Contractile sheath, 
prism collar visible 
Staphylococcus 6 Probable bipyramida3. Long (3000 	), no 
hexagonal prism sheath, terminal 
knob 
Octahedron Contractile sheath 
Cl Octahedron. 	Large Non-contractile sheath. 
Pointed tip 
Fl Probable octahedron. Non-contractile sheath. 
Large Forked tip 
T5 Icoaabedron. 	Small Non-contractile sheath. 
Tip obscure 
12B Unknown No tail, only some form 
of base-plate assembly 
T3 Probable octahedron Very short 
Xl74 Icosahedron Tailless, apical subunits 
+ The names are those given when the phages were first 
described. 
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be for example the case of T3; identc:1 rnorphological types 
grow on Brucellp and Pseudonas. Likewise there is the similarity 
between phages 123 and 11. 
Clearly, a purely morphological classification cannot be 
fully justified at present. In addition, serological character-
istics must be taken into account (note the serologlcal/morpho, 
logical relationships in Table 7.1), and the difficulties of 
determining the serological relationships of large numbers of 
phages are obvious. The use of a form of Linnaean classification 
Is thus premature, but is nevertheless a desirable aim. It is 
felt, however, that phages should be named in an informative 
manner, not merely by the bottle or batch number of the 
laboratory in which they were isolated. This is inevitably 
completely meaningless on its own, though a reference number 
must not be omitted since this alone enables the origin of the 
phage to be traced. In any original description of a phage the 
following could be mentioned: the reference number, the morpho-
logical type and the host genus or perhaps species. Thus in 
the present communication the phage al would be called al - 
(coil) indicating that it was identical in appearance with Pit 
and isolated on Eacherichia coli. 
Such a system omits one extremely important piece or 
information, namely the nature of the phage nucleic acid. This 
provides an ideal criterion for dividing phages into large 
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natural groups. Phage nucleic acid may be double-stranded DNA, 
single-stranded DNA, or RNA. The only difficulties involved 
would be practical since it would be necessary to determine the 
base ratios of every newly-isolated phage. 
This is a system of nomenclature rather than classification, 
but something of the kind is considered essential if the present 
confusion is to be removed. Further systematic studies are 
needed to provide a clear basis for a Linnaean type classification 
for phagea. 
CONCLUSION 
It is clear from the foregoing that the electron microscope 
can provide more information about phage structure than was 
originally expected. Straightforward observation has permitted 
something of the nature of the T2fl4 injection mechanism to be 
understood at molecular level, and there seems no reason why 
similar success should not be obtained with other phages with 
contractile tails. The crux of phage Infection is, however, the 
manner in which the nucleic acid is transferred down the narrow 
tube of the tail and into the bacterial cell and it is difficult 
to see just how the electron microscope can help in this respect. 
It Is Interesting to note that almost every phage with a tail has 
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some appendage at the tip and this presumably reacts with 
specific receptor sites on adsorption. 
The application of high-resolution electron microscopy 
and recent improvements in associated techniques have produced 
a rapidly accumulating mass of information on many aspects of 
bacterio*ages. It is also becoming clear that these viruses 
constitute a remarkably large group which exerts a powerful 
influence on microbial evolution and plays an important part 
In maintaining a balance in bacterial populations. The present 
thesis has indicated that there is still much to be learned 
about the structure of the better-known phages, quite apart 
from the numerous new types which are being isted • Whilst 
phage research is no longer in its infancy, there is no doubt 
that there is a long way to go before we possess anything 




This thesis embodies the results of an investigation into 
three main topics: the negative staining process, the moleular 
structure of o tow important types of bacteriophage, the general 
structure of a large number of phages. 
The negative staining process is by far the most useful 
technique available for the study of the fine structure of 
viruses in the electron microscope, but little research hs 
been carried out on the method as such. The most important 
aspects were therefore investigated in detail. A number of 
different chemicals were tested as negative staining materials, 
and it was concluded that, in general, potassium phosphotungstate, 
sodium molybdate and uranyl acetate were the most useful. The 
changes in II which are suffered by the specimen during the 
process were measured for different negative staining chemicals, 
and mixtures with solutions of ammonium salts, which kept the 
changes to a minimum, were found. Tests on the effect of the 
process on the viability of phagea showed that in all cases the 
viruses were inactivated. It was noted that size measurements 
on negative stained particles were not always reliable. The 
resolution obtainable was demonstrated by a test specimen to 
be about 15 R. 
The detailed structures of "T even", T5 and ØCl74 type 
phagos were studied. 
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Phage Tk was compared with T2, and a morphological difference 
was found • The former possessed a collar between the head and 
the top of the tail sheath, but this was not visible in T2. 
The so-called tail fibres found on both phagea  were shown to 
be the remnants of a fibrous network surrounding the sheath. 
It has been possible to show the subunit arrangement or the 
extended sheath for the first time, and to propose a model of 
the phage at molecular level. In addition, transverse striations 
were found on the contracted sheath, making it possible to 
suggest the change. In subunit packing accompanying sheath 
contraction. 
Micrographs of phage T5 showed an icosahedral head with 
a tail having radially arranged tubular subunits attached to it. 
The 95C174 type phages were also icosahedra with subunits having 
two dis1ct parts attached to the apices. It was not possible to 
deduce the method of DNA Injection by structural observations. 
Phagee with hosts in the coil, S taphylococcus and Psuedomonas 
groups were compared structurally. With coil and Pseudomona.e 
phagea a number of different forms were found, some of them the 
same in each group. In the Staphylococcus group, phage morphology 
could be related to serological characteristics. These obser-
vations indicate that the proposal of a Linr*n type classifi-
cation for phages is premature, but that the adoption of a 
universal system of nomenclature is essential and practicable. 
The results obtained show that the electron microscope can 
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produce more information at molecular level than was originally 
expected, but that it is difficult to see how the instrument 
can help in elucidating the mechanism of transfer of DNA from 
the phage head, down the tail and into the host cell. However, 
It is considered that experiments on the adsorption of phages 
to cell walls associated with electron microscopy might well 
produce important new information. 
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Virology. A part of the chapter entitled "The molecular 
structure of the "T even" phage tails" is to appear in 
Proc. 5th International Conference on Electron Mim'oscopj, 
Philadelphia, 1962. 
Chapter VI: material from this chapter has been Included in 
the following publications: 
"Negative staining of bacteriophage Ø'R at various pH values", 
Bradley, D.E., Virology 1.ra, 203,  1961 
"The structure of bacteriophage ØR', Kay, D. and Bradley, D.E., 
J. Gen. Microbiol. 	, 195, 1962 
"Some new small bacteriophages (Xl74 type)", Bradley, D.E., 
Nature, in press 
k. Chapter VII: "The structure of some Staaylococcuo and 




Adams, M.K. 1950 "Baoterioçhage&', Interacience Publishers, 
New York and London 
Anderson, T.F. 1951 "Techniques for the pre9ervat ion of 
three-dimensional structure in preparing specimens 
for the electron microscope", Trans. N.Y. Acad. Sd, 
12.1 130 
Anderson, T.F. 1960 "On the fine structure of the temperate 
bacterior**agos P1. P2 and P22", Proc. EUrOpearIReg. Conf. 
on Electron Microscopy, Delft, 1960 2, 1008 
Bradley, D.E. 1954 "Evaporated carbon films for use In electron 
dileroscopy", Brit, J. Appi. Phyc. , 65 
Bradley, D.E. 1959 "High-resolution shadow-casting technique 
for the electron microscope using the simultaneous 
evaporation of platinum and carbon", Brit. J. Appi. Phys. 
,198 
Bradley, D.E. 1960 "Study of background structure in platinum/ 
carbon shadowing deposits", Brit. J. Appi. Phys. , 506 
Bradley, D.E. 1961 a "Negative Staining of bacterioage ØR at 
various pR values", Virology 15 t 203 
b. "Techniques for electron microscopy", 
Id. D. Kay, Blackwell: Oxford, Chapter IV, 63 
c Ibid., Chapter III, *5 
ilk. 
Bradley, D.E. 1962 "Some new email bacteriophages (Ø'x17* type)", 
Nature (in press) 
Bradley, D.E. and Kay, D. 1960 "The tine structure of bacterlo-
phages", J. Gen. Miorobiol. 92o 553 
Brenner, S. and Home, R.W. 1959 a "A negative staining method 
for high resolution electron microscopy of viruses". 
Biochim. et Biophys. Acta , 103 
b "The structure of bacterlo- 
ptiage", The Times Science Review, London, Autumn 1959 
Brenner, S., Streisinger, G., Home, R.W., Champe, S.P., 
Barnett, L., Benzer, S. and Rees, M.W. 1959 "Structural 
components of bacteriophage", J. Vol. Biol. 1, 281 
Bi'inley4lorgan, W.J., Kay, D. and Bradley, D.E. 1960, "Brucella 
bacteriophage", Nature 188, 74 
van Bruggen, E.F.J., Wiebenga, E.H. and Gruber, N. 1960 
"Electron micrographs of Helix pomatia hemocyanin", 
Proc. European Rag. Conf. on Electron Microscopy, 
Delft, 1960 go 712 
Daems, W. Th., van de Pol, J.H. and Cohen, J.A. 1961 "Some 
remarks on the morphology of bacteriophage TkB", 
J. Mol. Bid. 2 8, 225 
Fildos, P. 1954 "The relation of divalent metals to lysis 
of typhoid bacilli by bacteriophages", Brit. J. Exp. 
Path. M. 122 
115. 
Fildea, P. and ICay, D. 1955 "The rate of adsorption of 
bacteriophage by rough and smooth strains of Salmonella 
typhi", Brit. J. Exp. Path. Xs 534 
Hall, C.E. 1955 "Electron densitometry of stained virus particles" 
J. Biophys. Biochem, Cytol. 1, 1 
Hall, C.E., Maclean, E.C. and Tesamnan, I. 1959 "The structure 
and imensiona of bacteriophage Ø'X174 from electron 
microscopy", J. Mol. Biol. ], 192  
Harrison, B.D. and Nixon, H.L. 1960 "Purification and electron 
microscopy of three soil-borne plant viruses". Virology 12, 1C 
Heri1c, P. 1954 "The reproduction of the bacteriophage in the 
electron microscope", Proc. International Conf. on Electron 
Microscopy, London, 1954, p. 270 
d'Herelle, F. 1917 "Sur un microbe invisible antagonists des 
bacillos dyainterjqea", Comnptee Rendus l6, 373 
Home, LW., Brenner, S., Waterson, A.P, and Wildy, P. 1959 
"The icosadral form of an adenovirus", J. Mol. Biol. 1, 84 
Huxley, H.E. 1956 "Some observations on the structure of tobacco 
mosaic virus". Proc. iuropean Reg. Conf. on Electron 
Microscopy, Stockholm, 1956, p. 260 
Huxley, N.E. and Zubay, G. 1960 "Electron microscope observations 
on the structure of microsomnal particles from Eacherichia coil 
J. Mol. Biol. 2, 10 
Kay, D. 1962 "The nucleic acid composition of bacteriophage 
J. Gen. Microbio]. gZ, 201 
116. 
Kay, D. and Bradley, D.E. 1962 "The structure of bacteriophage ØR 
J. Gen. Microbtol, g1s 195 
Kellenberger, E., Ryter, A. and Seohaud, J. 1958 "Electron 
microscope study of DNA containing plasma. II. Vegetative 
and mature phage DNA as compared In normal bacterial 
nucleolda In different physiological states", J. Biophys. 
Blochem. Cytol. k, 671 
Sinshelmer, R.L. 1959 "Purification and properties of bacterlo-
phage X174", 3. Mol. Biol. .1. 37 
Smith, K.M. and Williams, R.C. 1958 "Insect viruses and their 
structure", Endeavour 17, 12 
Tromans, W.J. and Horns, R.W. 1961 "The structure of bacteriophage 
Xl74", Virology , 1 
Twort, F.W. 1915 "An investigation on the nature of ultra-
microscopic viruses". Lancet 2, 1241 
Watson, D. 1962 Nature (in press) 
Zahier, S.A. 1958 "Some biological properties of bacteriophages 
513 and Øc174", J. Bact. 	, 310 
117. 
Appendix I 
SOURCES OF HOST BACTERIA 
The host bacteria used in this investigation were supplied 
by the followings 
Eschericha coil. 
Strains B and C2 	 . 	Dr. D.Kay 
Strains BB, 13/195, F,H, R2,518 
	
Dr. and Mrs. K.G. Lark 
Pseudomonas species 
Pa. syringe, P. fluorescens, Pa. marginalia . Dr. E. Billing  
P. aeruginosa, strain CIO 	. 	. 	. Dr. L. Dickinson 
Addresses of the aboves 
Dr. E. Billing, Department of Microbiology, University of Reading. 
Dr. L. Dickinson, Boots Pure Drug Company Limited, Nottingham. 
Dr. D. Kay, Sir William Dunn School of Pathology, University of 
Oxford. 




Oxoid nutrient broth was used for Several purposes: 
"Lab-Lemco" Beef Extract . 	. 	. 	0.1% 
Yeast Extract 	. 	. 	. 	. 	. 	0.2% 
Peptone 	. 	. 	. 	. 	0.5% 
NaCl . 	. 	. 	. 	. 	. 	. 	0.5% 
Water. 	. 	. 	. 	. 	. 	.adl00% 
rI' 
For plating purposes, 2% agar was added to the above before 
sterilisation. 
The standard defined medium used ma M8z 
IcH2ro4 	. 	. 	. 	. 	. 	. 	0.2% 
Na2HP01 (arth) 	. 	. 	. 	. . 	1.25% 
NHIC1 	. 	. 	. 	. 	. 	. 	0.2% 
MgS0j.7H20. 	. 	. 	. 	. 	. 	0.008% 
Water. 	 . 	. 	 - 	rid1fl4 
111a7.6 
After sterilizing at 20 lb/sq. in. for 20 minutes the 
solution was made 0.01 M with sterile 1.0 14 sucrose solution just 
before use. This medium was particularly suitable for phagea 
T2 and T3, and was also satisfactory for phage 1R, for which 
0.00025 14 Ca was adde]. The following media were found more 
ii. 
.suitable than the above for the growth or Pseudomonaa phages. 
Glycerol agar: 
Peptone 	. 	. 	. 	. 	. 	0.5% 
Yeast Extract 	. 	. 	. 	. 	. 	0.3% 
Glycerol 	. . 	. 	 . 	2.0% 
Agar . 	 a 	 . 	. 	. 	. 	1.5% 







• 	. 	. 	. 	. 	2.0% 
• 	. 	• 	• 	. 	0.5% 
• 	• 	S 	• 	. 	2.0% 




PREPARATION OF DEAE_COLUMN 
The anion exchange. powder used was diethylalninoethyl_ 
cellulose. It was prepared as follows: 
 Washed with N-Ed 
 Washed with water 
 Washed with M-NaOH 
 Made neutral with NCI. 
It was then ready for packing into a column 1.4 cm diameter 
and 10 cm height. This was made from a test tube. A hole was 
blown in the bottom and a small plug of glass wool was intro-
duced above it. The PEAK was packed on top. The column was 
prepared as follows: 
Washed with 200 ml water 
Washed with 50 ml 0.5 M ammonium acetate, or until eluate 
clear 
Washed 200 ml 0.01 M ammonium acetate 
The aimnonium acetate solutions used were neutral. 
Diri±iGiINATI0N OF SALT CONCENTRATION FOR PHAGE ELUTION 
The following procedure was adopted using a test sample of 
iv. 
phage of known concentration. 
Phage was adsorbed at 0.01 14 ammonium acetate 
10 ml or 01 14 ammoniuM acetate was passed through 
10 ml of 0.2 14 ammonium acetate, and so on by steps of 
0.1 N concentration, 10 ml quantitie; up to 0.5 14 
The eluates were counted and the maximum concentrations 
were round in the 02 14 and 03 14 fractions. These were an 
order of magrtude bigger than the 0.4 14 concentration. 
V. 
Appendix IV 
SOURCES OF BACTERIOMNES  
Newly Isolated phagess 
al, a3, alO, 06, from Braid Burn, Peffernill House, Edinburgh 9. 
34, from River Tweed, Innerliethen, Peebleashire, 
6, from burn at Stonetield Hill Farm, near Rosewell, Midlothian. 
Sl, from Sllverburn (1/4 mile below sewage disposal unit), 
near Penicuik, Midlothian, 
T,  from canal at Aldermaston, Berkshire (near Aldermaston Lock). 
S3, from Dunsaple Loch, Edinburgh. 
18, from sample from sewage works, Aldermaston, Berkshire. 
WA/l. from River Danube, Ploridadorter Brücke, Vienna. 
wF/i, from sewage outlet, Newburgh, Aberdeenshire. 
Phagea from other laboratories: 
Coliphages T2, T3 0 T5, ØR, and typhoid phagesØ66t " ,06t, 01, V2 0 
from Dr. D. Kay, Sir William Dunn School of Pathology,, 
University of Oxford. 
Coliphagea V. T5, from Dr. and Mrs. K.G. Lark, Saint Louis 
University School of Medicine, U.S.A. 
Pseudomonas phagea 14, 15 0 20 0 21 0 24, 12B 9 123, from Dr. E. Billing 
University of Reading. 
vi. 
Pseudomonas phage Pc, from Dr. L. Dickinson, Boots Pure Drug 
Company Limited, Nottingham. 
Staphylococcus phages 581, b581,  59n, 	Dr. E. Asheshov, 
Stztococcua and Sta*jylococous Reference Laboratory, 
Colindale Avenue, London. 
Staphylococcus phages 70, 71, 52A, P42D, from Dr. E. Sharps, 
National Institute for Research in Dairying, Shin? 1&d, 
Reading. 
Streptococcus lactis phage 3ML, from Mr. B. Reiter, National 
Institute thr Research in Dairying, Shintield, Reading. 
vii, 
Appendix V 
ASSAY OF HOST OIANSMS 
An E.E.L. Colorimeter was calibrated against concentrations 
of bacteria between 10 8  and 1010 cells per ml by means of viable 
counts • The colorimeter readings were plotted against viable 
counts on log graph paper, different curves being obtained for 
different media. To assay the host cell concentration in a broth 
culture all that was required was to sample the culture and take 
a colorimeter reading. The cell concentration could then be read 
off the appropriate curve on the calibration graph. 
Viable counts were carried out as follows. 0.1 ml aliquots 
of serial dilutions of the host cell culture were spread out on 
nutrient agar plates with a sterile glass rod. After incubation, 
the numbers of colonies on the*too were counted and the number 
of viable cells per ml of original culture was calculated. 
viii. 
Appendix VI 
STANDARD ELECTRON MICROSCOPE SPECmN I'RPABATION !!ETHObS 
Support films: 
Two types were used for mounting negative stained iIages, 
carbon-stabilised collodion and perforated carbon films. 
Preparation of carbon-.stabjl jied collodion films 
A dish about 20 cm in diameter was tilled with water. 
A number of grids (hexagonal type) were placed on a piece 
of gauze at the bottom. 
A collodion film was cast on the water surface by allowing 
two drops of a 2% solution in amyl acetate to fall on it. 
The water was siphoned from the dish, and the gauze, covered 
with the collodion film s was removed. 
The gauze with the coated grids on it was placed in an 
evaporating unit and coated with about 100 R of carbon 
by passing about 50 amps through two pointed carbon rods 
lightly sprung together. 
Preparation of perforated carbon films 
A dish about 20 cm i imetr was filled with water. 
A number of grids (New 200 type or 400 mesh/inch) were 
placed on a piece of wire gauze at the bottom. 
ix. 
A forrnvar film was cast on the water surface by allowing 
two drops of a 1% solution in ethylene dichloride 
containing 10% water to rail on it. 
li) The water was siphoned from the dish and the gauze and 
grids removed. 
The gauze and grids were dried, and placed in a bath of 
acetone for about 30 seconds • This helped to form the 
holes. 
The immersion in acetone was repeated, 
The grids, still on the gauze, were coated with carbon, 
as in 5) above. 
The gauze and grids were immersed in chloroform for 
15 minutes to wash away the formvar. 
After drying the grids were ready for use. 
Sbadowcasting 
Both platinum metal and platinum/carbon shadowing were 
used, 
Platinum metal shadowing 
A V-shaped filament of 0.040" tungsten wire was prepared 
and heated in a vacuum unit to about 2000 0C to clean it 
and relieve stresses. 
3 cm of 0.005" platinum wire were wound round the apex of 
the filament, and the object to be Shadowed was placed 
Xe. 
about 10 cm distant and Inclined at an angle of 26.5° 
(tan 1/2) to the shadowing direction. 
3) The vacuum unit was pumped down to a pressure of better 
than 10 Mm Hg. 
ii) The filament was heated until the platinum melted. The 
temperature was then raised slowly until the filament 
burnt out, by which time all the platinum had evaporated. 
flInum/cnrbon - shadowing 
1) P pair of rointed electrodes consisting of 10% platinum 
metal and 60% carbon were lightly sprung together In 
a vacuum unit. 
 The specimen to be shadowed was placed at a distance of 
Ii cm, so that the angle of shadowing was 26.5° (tan 	1/2). 
 A large Gcx'een containing a 2 mm aperture was placed about 
half-way between the source and the specimen such that 
the aporturø was in a direct line between them. 
J) After evacuating the vacuum unit to a pressure of better 
than 10 mm Hg a current of about 50 amps was passed 
through the electrodes. 
5) The constituents of the electrodes evaporated Simultaneously, 
the thickness being judged tW the amount of the electrodes 
which was vapourised. 
xi. 
Append lx VII 
TECEMICAL 	ON THE ELECTRON MICROSCOPE 
Type of microscope: 
	
Siemens Elmiskop I 
Accelerating voltage used: 
	
60 k 
illumination: 	 Double condenser system 
with a spot or about 3 
in the object plane 
Objective aperture: 	 50 IL 
Electron optical magnification: about x 30,000 
Plates: 	 Ilford Process Plates, N.kO 
Calibration of magnification: Monodiaperee suspension of Dow 
Polystyrene Latex, size 2640 
corrected for contraction to 
2400 
Some micrographs were also taken on the experimental 
prototype of the Ansociated Mectrical Industries E,M.6. electron 
microscope, 
all. 
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	A.t Comparatjveatudy of the Fine S tructure of 
Bacteriopha.es 
A number of baoteriophni'es arecific to three families 
of bacteria have been examined in the electron microscope. 	The 
most important have been studied In detail while the rTtin:er 
have been compared mainly from a taxonomic standpoint. 
To enable the electron microscope to be used as 
efficiently as possible, the nepative staining technique, which 
was the most suitable specimen preparation method available, was 
thoroughly investigated. Of the many chemicals tested as 
negative staining materiele, potassium phosphotunetate, sodium 
molybdete and uranyl acetate were selected as the most valuable. 
It was found that the process inactivated bacteriophaee and that 
the arecimen suffered significant p11 ohangr. 	size measurments 
on negatively stained phase particles were not always reliable. 
The resolution of the method was demonstrated to be about 15 Yo 
The T even", T5 and 0X174 type phagee ere studied in 
\\ 
detail. 	These were considered to be the moat important basic 
worpholoioal types. 
In the case of the "T even" phagea, it wne possible to 
resolve the subunit orran(vement in the extended sheath and to 
propose models at molecular level. 	In addition, the observation 
of transverse striations on the contracted sheath made it 
possible to au(keet the chan€e in subunit packing accompanyinp 
contraction. 
Phase T5 wee found to be an loosahedron. 	The toll 
possessed radially arranged tubular subunits. 	Doe ØX174 type 
phages were also found to be icosahedra but they had no tail. 
Use other side if necessary. 
Instead, subunits in the form of dimers were attached to 
each apex. 
The general morphology of phegee associated with the 
bacterial genera Facherichis s Staphylococcus and Feudomonae 
was also studied. With Esoheriohia 	Pseudomonas a number 
of different forms were found, some of them common to both 
genera. 	Those growing on Staphylococcus exhibited lees 
variety but their morphology could be related to serological 
characteristics. Apart from describing the structure of new 
phegee, this portion of the work rermitted the discussion of 
phage classification on a morphological basis. 	It was 
concluded that any form of Linnaean olaifiention would be 
premature but it has beenpossible to suget a simple system 
of nomenclature. 
The results described leave no doubt as to the value of 
the electron microscope 
structure alone, it has 
of the mechanics of the 
most important feature, 
acid from the head, dow 
remains obcin'e, 
in phage research; by studying their 
been possible to understand something 
infective process. 	However, its 
the mechanism of transfer of nucleic 
. the tail and into the host cell, 
